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High fidelity transmission of the genome to the next generation is crucial for the 
continued survival of all species. At the cellular level, this is accomplished by the 
sequential duplication and symmetrical segregation of the genome to two daughter cells, 
during the cell division cycle. However, the genetic information is vulnerable to multiple 
environmental factors such as free radicals and high energy radiation, which can result in 
the alteration of its information content with potentially catastrophic consequences. To 
counteract this possibility, cells have evolved surveillance pathways known as 
checkpoints to monitor genomic integrity. These pathways halt cell cycle progression 
upon detection of genomic insults and undertake ameliorative steps to repair detected 
damage. In the budding yeast Saccharomyces cerevisiae, as in human cells, checkpoints 
are active during all phases of the cell cycle monitoring various events.  
      
    Replication checkpoint and DNA damage checkpoints are the two major surveillance 
pathways that monitor genome integrity.  Replication checkpoint is activated in response 
to various forms of replication stress that impede the progression of the replication forks. 
The activated checkpoint helps to maintain the integrity of the stalled forks and causes 
cells to arrest with a short spindle and an undivided nucleus, thus preventing precocious 
segregation of chromosomes. This is consistent with the observation that cells defective 
in replication checkpoint, when treated with replication-inhibitors, arrest in early S phase 
but proceed to elongate their spindle and prematurely segregate the largely unreplicated 
 vi
chromosomes. It is generally believed that the checkpoint prevents premature segregation 
of unreplicated chromosomes by inhibiting precocious onset of mitosis. 
 
    We began this work by testing this assumption. We find that chromosome segregation 
in checkpoint mutants is not accompanied by the characteristic mitotic events such as 
Cohesin cleavage or the activation of APC (Anaphase Promoting Complex). Our results 
strongly suggest that the replication checkpoint directly regulates spindle dynamics to 
restrain premature segregation of chromosomes. Hence, the untimely spindle elongation 
seen in checkpoint deficient mutants is not a consequence of premature entry into mitosis 
but a consequence of loss of this regulation.  
 
   Given the substantial overlap between the effectors involved in replication checkpoint 
and DNA damage checkpoint , we enquired whether DNA damage checkpoint pathway 
also target spindle to restrain the segregation of damaged chromosomes until they are 
repaired. Our results suggest that DNA damage checkpoint uses two-pronged control to 
restrain chromosome segregation: (i) by inhibiting Cohesin cleavage and (ii) by 
preventing spindle elongation.  Furthermore, we have uncovered the likely mechanism by 
which the DNA damage checkpoint regulates spindle behavior.  We show that this 
regulatory circuit involves Cdk1, Cdc5 polo kinase, Microtubule Associated Proteins 
(MAPs) and the APC activator Cdh1. 
  
   Finally, we sought to determine whether the mechanism elucidated in the context of 
DNA damage checkpoint is responsible for preventing untimely spindle extension during 
 vii
replication checkpoint-induced S phase arrest. We find that although this mechanism is 
also functional in cells experiencing S phase arrest, the relative importance of its 
components is somewhat different from that in DNA damage checkpoint. We suggest 
that this difference may reflect ‘adaptation’ of a common mechanism to the different 
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Chapter 1 Introduction 
Self-perpetuation is the fundamental nature of all life forms. From viruses to humans, the 
genomically encoded molecular circuitry of all organisms has evolved to fulfil this 
purpose.  Central to the propagation of a lineage is the high-fidelity transmission of the 
organism’s genome to the next generation. At the level of a single cell, this involves 
duplication of the chromosome(s) followed by their equal partitioning between the two 
daughter cells.  This overtly simple process requires a precise and ordered execution of a 
set of cellular events, generally known as the cell division cycle or simply cell cycle.    
Cell divisions have been classically categorized into two major types, namely, 
meiosis and mitosis.  During meiosis, diploid cells undergo one round of chromosome 
duplication, followed by two division cycles (Meiosis I and Meiosis II) to give rise to 
four haploid daughter cells.  Meiosis is associated with recombination events during 
which homologous chromosomes exchange their parts with high frequency.  At an 
organismic level, such shuffling of genetic information is thought to bring together traits 
that are advantageous to overall fitness and reproductive success of an organism.  
Mitosis, on the other hand, involves one round of duplication followed by one division, 
thereby transmitting the same number of chromosomes to two daughter cells. The mitotic 
cell cycle is responsible for cell division in unicellular organisms and development of 
somatic tissues in higher eukaryotes.  
Coordinated execution of cellular events is a critical aspect of cell cycle regulation.  
The integrity of the genetic information during cell division is acutely dependent on the 
orderly progression through the cell cycle.  In multi-cellular organisms, mutation or 
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chromosome mis-segregation can lead to loss of the control mechanisms which oversee 
the developmental plan of the organism. Such mis-regulation can result in uncoordinated 
progression through the cell cycle and further accumulation of chromosomal aberrations, 
eventually leading to, in some instances,  uncontrolled cell proliferation i.e. cancer. To 
safeguard against such possibilities, cells have evolved elaborate surveillance 
mechanisms, known as the checkpoints, to detect damage incurred by the genome or 
cellular machinery and to trigger repair/correction processes.  Checkpoints controls and 
mechanism have been, therefore, studied extensively during the past 15 years.    
Given their complexity and slow division times, the study of regulation of cell 
division in higher eukaryotic cells had been slow.  However, since the cell cycle 
machinery is highly conserved among eukaryotes, lower eukaryotes such as the budding 
yeast Saccharomyces cerevisiae (S. cerevisiae) has served as a useful experimental 
system for investigating the control circuitry that regulate eukaryotic cell division.  A 
brief overview of S. cerevisiae cell cycle therefore will be useful in setting the context for 
the study described in this thesis.  
 
1.1 Cell Cycle of S. cerevisiae: 
 The cell cycle of S.cerevisiae, like that of other eukaryotes, is divided into four phases: 
G1, S, G2 and M.  During G1, a cell accumulates resources in ‘preparation’ for the 
progression though the division cycle and continues to grow in size.  Once it has attained 
a certain minimum size, it irreversibly ‘commits’ itself to one round of division.  In 
budding yeast this commitment step in late G1 is termed START (the mammalian 
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equivalent is known as restriction point). This is followed by S phase, wherein the 
genome is duplicated by multiple replication origins.  The time period separating S and 
M phase is referred to as G2.  In budding yeast, G2 is very short; by some estimates it is 
only 3 min after the completion of S phase that M phase is initiated.  The M phase (also 
called mitosis), during which duplicated sister chromatids are segregated equally between 
the two daughter cells, is traditionally divided into four sub-phases; prophase, metaphase, 
anaphase and telophase.  Unlike higher eukaryotic cells, chromosomes in budding yeast 
are thought not to congress in the middle in a typical metaphase plate; instead they 
congress to a relatively broad area around the midpoint (Straight et al., 1997). Anaphase 
is further subdivided into anaphase A and anaphase B.  This categorization relates to the 
events associated with chromosome segregation as cells transit from metaphase to 
anaphase i.e. dissolution of sister-chromatid cohesion (anaphase A) and dramatic 
elongation of the mitotic spindle (anaphase B) associated with chromosome segregation.  
telophase is accompanied by spindle-mediated segregation of chromosomes to the two 
poles.  This is followed by final exit from M phase and the initiation of cytokinesis 
during which the mother and daughter cells physically separate to become two 
independent entities.  
 
The Cyclin-Cdc2 Complex: 
Progression through various phases of the cell cycle in yeast requires the activity of a 
kinase complex known as the Cyclin-dependent kinase (Cdk). It is composed of a 
regulatory subunit called Cyclin and a catalytic subunit Cdc2, a serine/threonine kinase 
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(Cdk1) (Nasmyth, 1993).  In budding yeast, the catalytic subunit is named Cdc28.  
Cdc28/Cdc2 associates with different types of Cyclin to drive cells through various 
phases.  Cyclins are thought to be responsible for determining the substrate specificity of 
the catalytic subunit Cdc28/Cdc2. Each cell cycle phase has a corresponding set of 
Cyclins to enable Cdc28 to phosphorylate the relevant substrates (G1 Cyclins Cln1, Cln2, 
Cln3; S phase Cyclins Clb5, Clb6; mitotic Cyclins Clb1, Clb2, Clb3, Clb4). The Cdc28-
Cln complex catalyzes the emergence of a bud in late G1 and initiates events that 
eventually cause the onset of S phase.  Similarly, Cdc28-Clb5/Clb6 is involved in the 
initiation of DNA replication and progression through S phase, whereas Cdc28-
Clb1/Clb2/Clb3/Clb4 facilitates progression through mitosis (Mendenhall and Hodge, 
1998) (Figure 1). In budding and fission yeasts, the cell cycle is driven by a single Cdk 
i.e. Cdc28/Cdc2 (Cdk1) in combination of various Cyclins.  In higher eukaryotes, 
however, the task of driving cells through the division cycle is shared among various 
Cdks in association with different Cyclins (for instance Cdk4-cyclinD, Cdk2-cyclinE, 
Cdk2-cyclin A and Cdk1-cyclin B complexes in human cells).  The yeast Cdk1 was the 
first to be characterized for its role in cell cycle and initially served as a prototype for the 
understanding of Cdk complexes in other organisms. 
The activity of Cdk1 is regulated at various levels, foremost among which is its 
association with Cyclins.  Although the cell cycle regulated expression of Cyclins 
imposes control on the Cdk activity at transcription level, a number of post-translational 
events are critical. Among these, is the phosphorylation of a conserved residue Thr169 in 
Cdc28 (Thr161 or Thr167 in other organisms).  While this phosphorylation event helps to 
stabilize the Cdc28-Cyclin complex, another phosphorylation of the conserved Tyrosine 
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residue (Tyr19, equivalent to Tyr 15 in other organisms) in the ATP binding domain 
renders the kinase mitotically inactive, though it remains active with respect to G1/S 
transition and progression through S phase (Lim et al., 1996).  Phosphorylation of Tyr19 
is catalyzed by an evolutionarily conserved tyrosine kinase Swe1 (an ortholog of human 
Wee1) (Booher et al., 1993).  As cells approach M phase, de-phosphorylation of Tyr19 
by the conserved tyrosine-phosphatase Mih1 (ortholog of human Cdc25) activates Cdc28 
and enables Cdc28-Clb1/Clb2 complex to initiate mitosis (Booher et al., 1993).  Another 
dimension to the regulation of Cdk-Cyclin complex is added by a class of proteins known 
as Cdk inhibitors.  In budding yeast, one of the prominent Cdk1 inhibitors is Sic1 which 
inhibits the activities of both S phase kinase (Cdc28-Clb5/Clb6) and mitotic kinase 
(Cdc28-Clb1, 2, 3, 4). Another Cdk inhibitor, Far1, inactivates the Cdc28-Cln complex in 
the context of pheromone-mediated G1 arrest (Gartner et al., 1998). 
 
G1 Phase: 
Before committing to a round of cell division, cells needs to assess, via signalling 
networks, various prerequisites such the availability of nutrients and appropriate cell size 
(Flick et al., 1998; Dirick et al., 1995).  In addition, cells are actively prevented from 
initiating S phase due to the presence of the high levels of Cdk1 inhibitor Sic1 
(Mendenhall et al., 1995) and low levels of Clb Cyclins due to the E3 ubiquitin ligase 
APCCdh1 (Anaphase Promoting Complex activated by Cdh1) (Schwab et al., 1997).  
Under favourable conditions, cells initiate the transcription of a G1 Cyclin Cln3 (Tyers et 
al., 1993).  Cln3 is relatively resistant to the inhibitory action of Sic1 and Cdh1-mediated 
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degradation, and is therefore able to upregulate Cln1 and Cln2 transcription (both G1-
specific Cyclins) (Tyers et al., 1993), leading to the accumulation of Cln1 and Cln2. It 
has been proposed that a mutually antagonistic interaction between Cln1/2-Cdc28 on one 
hand, and Cdh1 and Sic1 on the other is important for the timely initiation of S phase.  
While Cdh1 (Visintin et al., 1997) and Sic1 (Schwob et al., 1994) lower Cln1/2-Cdc28 
activity, Cln1/2-Cdc28 phosphorylates Cdh1 and Sic1, causing the inactivation of Cdh1 
(Jaspersen et al., 1999), and degradation of Sic1 by E3 ubuquitin ligase SCF (Skp1, 
Cullin, F box protein complex) (Feldman et al., 1997).  Increasing Cln1/2-Cdc28 activity 
is also responsible for transcription of Cln1 and Cln2 themselves, creating a positive 
feedback loop (Cross and Tinkelenberg, 1991) which tips the balance irreversibly in 
favour of cell division in late G1 phase.  Once cells traverse this point, operationally 
known as START, they become committed to undertaking one round of cell cycle. 
Increased Cln-Cdc28 activity also enables the transcription of S phase specific molecules 
such as S phase Cyclins Clb5 and Clb6, Cdk inhibitor Swe1 (Ma et al., 1996) through the 
action of G1 specific transcription factors SBF (Swi4-6 dependent cell cycle box- 
Binding Factor) and MBF (Mlu1 cell cycle box Binding Factor) (Breeden and Mikesell, 
1994; Koch et al., 1993). Simultaneously, degradation of Cdk inhibitor Sic1 allows S-
phase specific Clb5-Cdc28 and Clb6-Cdc28 complexes to become active and initiate 
DNA replication, which marks the beginning of S phase. Clb5/6-Cdc28 complexes also 
suppress Cln1 and Cln2 expression (Basco et al., 1995). 
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S Phase: 
The S phase begins shortly after the cell passes START, coinciding with the emergence 
of the bud (Chant and Pringle, 1991).  The genome is replicated during this period by 
multi-protein complexes known as replisomes which initiate replication from specific loci 
known as replication origins, located, on an average, about every 40 Kb throughout the 
genome (Raghuraman et al., 2001; Segurado et al., 2003). Multiple replication origins are 
required in eukaryotes, in contrast to one in prokaryotes, due to the much greater size of 
the eukaryotic genome.   
It is critical for the cell that replication of the genome should occur once and only 
once in a given cell cycle since unreplicated or overly replicated genomic loci are likely 
to disturb the normal functioning of the cell. This is accomplished by allowing the 
assembly of pre-Replication Complexes (pre-RCs), which recognize and bind to 
replication origins only during stages of low Cyclin-Cdc28 activity (i.e. during G1), and 
permitting the initiation of replication only during high Cyclin-Cdc28 activity (Nguyen et 
al., 2001). During the late M-early G1 phases, hexameric complexes known as Origin 
Recognition Complexes (ORCs) composed of Orc1-6, bind to consensus sites throughout 
the genome (Liang et al., 1995). After ORC binding, Cdc6 and Cdt1 (both components of 
the pre-RC) cooperatively load the Mini-Chromosome Maintenance (MCM) complex 
onto the origin (Tanaka and Diffley, 2002; Nishitani et al., 2000). The MCM complex is 
a hexameric complex (mcm2-7) which is thought to act as a DNA unwinding helicase 
(Labib and Diffley, 2001; Lei and Tye, 2001). These complexes together comprise the 
pre-Replication Complex. An increase in Cdc28-Cyclin activity helps progression 
through S phase and simultaneously prevents reassembly of pre-replication complex.  
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This inhibition is imposed in part by the Cyclin-Cdc28-mediated phosphorylation, 
followed by SCF-mediated degradation of Cdc6 (Mimura et al., 2004). In addition, 
phosphorylation of the Cdt1-Mcm2-7 complex by Cdc28 causes its export from the 
nucleus (Nguyen et al., 2000) further ensuring that new pre-RCs are not assembled at this 
stage.  As the replisome proceeds along the DNA, large ring shaped multi-protein 
structures known as Cohesin complexes encircle the newly replicated sister-chromatids 
(Uhlmann and Nasmyth, 1998; Lengronne et al., 2006), preventing their premature 
separation. 
Another important task that is accomplished during S phase in S.cerevisiae is the 
assembly of a short mitotic spindle.  As cells traverse START, the Spindle Pole Body 
(SPB; the centrosome equivalent in mammalian cells) is duplicated by self-assembly of 
the daughter SPB on the distal end of the half–bridge structure extended from the mother 
SPB.  (Bullitt et al., 1997; O’Toole et al., 1999).  The mother and daughter SPBs remain 
attached by the inter-SPB bridge until late S phase when the bundling activity of the 
progressively accumulating Microtubule-Associated Proteins (MAPs) Cin8, Kip1 and 
Ase1 breaks the bridge, allowing the separation of SPBs and assembly of a short spindle 
(Hoyt et al., 1992; Crasta et al., 2006).  During G1 and early S phase, the abundance of 
Cin8, Kip1 and Ase1 is kept low by the ubiquitin ligase APCCdh1 which targets them for 
proteolytic degradation (Hildebrandt and Hoyt, 2001).  An increase in the activity of 
Cyclin-Cdc28 activity due to the early expressed B-type Cyclins Clb3, Clb4 and Clb5 
suppresses Cdh1 activity by phoshorylation, resulting in progressive accumulation of the 
MAPs.  Thus, activities of the Cdc28-Clb complexes are collectively essential for the 
assembly of mitotic spindle.  Cdh1 is an inhibitor of microtubule-associated proteins 
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(MAPS) such as Cin8, Kip1 and Ase1 (Hoyt et al., 1992; Hildebrandt et al., 2001; Crasta 
et al., 2006).  It has also been shown that the dephosphorylation of the conserved Tyr19 
of Cdc28 is critical for the accumulation of the MAPs and in turn formation of the spindle 
(Lim et al., 1996; Crasta et al., 2006).   
Each duplicated chromosome also has region of DNA known as the centromere, 
which serves as a platform for the formation of a large multilayered protein structure 
called the kinetochore (McAinsh et al., 2003). The kinetochore binds or “captures” a 
microtubule emanating from one of the two spindle pole bodies. The newly assembled 
spindle must capture the duplicated chromosomes such that sister-kinetochores of each 
duplicated chromosome are attached to microtubules emanating from the opposite SPBs.  
This arrangement is known as bi-orientation, bipolar attachment or amphitelic attachment 












                                                                                                                                      Chapter 1 Introduction
9
Figure 1. Schematic Representation of the Budding Yeast Cell Cycle. In all eukaryotes, 
cell cycle consists of 4 phases, namely G1, S phase, G2 and M phase. The various events 
required to successfully complete the cell cycle are co-ordinated by the Cyclin-Cdc28 
complex. Different Cyclins are active during different phases, and confer the relevant 
substrate specificity on the Cdc28 kinase. In addition to Cyclin-Cdc28, ubiquitin ligases 
APCCdc20 and APCCdh1 play important roles in degrading proteins whose activities are no 
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=Pds1 Securin
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1.1.1 M Phase: 
At the threshold of M phase, cells are equipped with high Cdc28-Clb kinase activity, 
(activated by Tyr19 dephosphorylation), duplicated chromosomes with sister chromatids 
bound to each other by a cohesion complex, a bipolar spindle and a bud that has grown to 
a size slightly smaller than the mother.  Having attained all the prerequisites, they rapidly 
enter mitosis and proceed to metaphase where the duplicated chromosomes congress 
approximately to the middle region, though the chromosomes of S.cerevisiae are too 
small to directly observe condensation and metaphase plate congression (Straight et al., 
1997). Unlike ‘open mitosis’ in mammalian cells, yeast cells undergo ‘closed mitosis’ 
where the nuclear membrane does not dissolve during M phase.  The M phase in yeast is 
characterized by two major events: metaphase to anaphase transition leading to equal 
partitioning of the chromosomes and Cyclin destruction (mitotic exit) that permits 
resetting of the cell cycle to G1. 
 
1.1.1.1 Metaphase to Anaphase Transition: 
At metaphase, the sister-chromatids are held together by Cohesin complex, which resists 
the poleward pull exerted by the mitotic spindle due to its bipolar attachment to sister-
kinetochores. The metaphase spindle is thus a tension ridden structure, with finely 
balanced opposing forces (Tan et al., 2005) which is critical for orderly segregation of the 
chromosomes.   During metaphase-anaphase transition, this close association or cohesion 
between the sister-chromatids is dissolved by a cysteine-protease called Separase 
(encoded by ESP1 gene in S. cerevisiae) by cleavage of Cohesin subunit Scc1 (Ciosk et 
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al., 1998).  Dissolution of cohesion coupled with the poleward pull by the spindle 
eventually partitions the chromosomes equally between the mother and daughter cells.  
However, Separase is inhibited by a protein called Securin (encoded by PDS1 gene in S. 
cerevisiae) which is also responsible for transporting Esp1 into the nucleus (Ciosk et al., 
1998).  Thus, up to metaphase, Esp1 is held in check so that the Cohesin complex 
remains intact and continues to maintain sister-chromatid cohesion. 
As Cdc28-Clb activity reaches a peak at metaphase, the majority of which is 
contributed by the Clb2-Cdc28 complex (Surana et al., 1991; Fitch et al., 1992; 
Richardson et al., 1992), it triggers the activation of Cdc20, a protein expressed during 
G2/M, homologous to Cdh1 and an activator of E3 ubiquitin ligase APC (hence 
APCCdc20).  Cdc20 brings the APC and Pds1 in close proximity, resulting in the 
ubiquitination and proteasome-mediated degradation of Pds1 (Yamamoto et al., 1996). 
APCCdc20 directed degradation of Pds1 destruction, thus, frees Esp1 leading to the 
cleavage Cohesin complex component Scc1 (Ciosk et al., 1998).  The cleavage of Scc1 
during early anaphase (anaphase A) allows sister-chromatids to move to their respective 
SPB.  This initial segregation is accompanied by only a marginal increase in the spindle 
length.  However, this is promptly followed by a dramatic extension of the spindle 
(anaphase B) (Page and Snyder, 1993), mediated by the plus end-directed motor proteins 
such as Cin8 and Kip, localized at the spindle midzone (Saunders et at., 1997).  The two 
set of chromosomes eventually reach the two opposite poles and cells proceed to prepare 
for the final exit from mitosis. This sequence of events is schematically depicted in 
Figure 2. 
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Figure 2. Schematic representation of bipolar spindle. (A) The metaphase spindle is a fine 
balance of forces, and is thus a tension ridden structure.  (B) Degradation of Pds1 by 
APCCdc20 releases Separase Esp1 from the inhibitory effect of Pds1. Esp1 then cleaves its 
target, Cohesin component Scc1. This abrogates the force resisting the poleward pull of 
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= Poleward force exerted by plus end motor proteins Cin8, Kip1 etc
= Cohesin ring 
= Cohesin ring broken due to Esp1 mediated Scc1 cleavage  
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1.1.1.2 Mitotic Exit: 
Once the chromosomes are segregated to the mother and daughter compartments, the cell 
exits M phase and resets its cell cycle to G1 phase.  The final exit from mitosis (or entry 
into subsequent G1) is marked by the disassembly of the mitotic spindle, precipitous 
destruction of the mitotic Cyclins and initiation of cytokinesis.  Cyclin proteolysis is 
mediated by two control pathways, namely, the FEAR (Cdc Fourteen Early Anaphase 
Release) and by the MEN (Mitotic Exit Network).  While the FEAR pathway appears to 
be mostly responsible for stabilizing the Anaphase B spindle, MEN pathway is 
predominantly involved in proteolytic destruction of the Cyclins.  The end point of MEN 
pathway is the release of Cdc14 phosphatase from nucleolus which has been shown to 
activate Cdh1 by reversing inactivating phosphorylation by the Cdc28-Clb complex 
(Visintin et al., 1998).  It has been proposed that activated APCCdh1 and APCCdc20 
collaborate to degrade Cyclin in a biphasic manner (Yeong et al., 2000) such that 
APCCdc20 catalyzes the first phase of Cyclin destruction, setting the stage for Cdh1 
activation and subsequently, the second phase of proteolysis by APCCdh1.  These 
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Figure 3. Schematic representation of Cdc14 activation by FEAR and MEN pathways. 
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1.1.1.2.1 FEAR Pathway: 
The main target of the FEAR pathway, the evolutionarily conserved Cdc14 phosphatase, 
is sequestered in the nucleolus during S phase and the early part of mitosis by nucleolar 
protein Cfi1/Net1 (Visintin et al., 1999). In early anaphase, Cdc14 is transiently released 
from the nucleolus into the nucleoplasm under the influence of the FEAR pathway 
(Stegmeier et al., 2002; Sullivan and Uhlmann , 2003) which is thought to be composed 
of 5 entities: Esp1, Pds1, Cdc5 (Polo kinase), Slk19 and Spo12.  The nature of the 
relationship among these components, however, remains unknown.  Upon the release of 
Esp1 from its inhibition by Pds1, the FEAR pathway is set in motion, although the exact 
mechanism is unclear (Stegmeier et al., 2002; Sullivan and Uhlmann, 2003).  It is thought 
that Separase Esp1 enables the activation of Cdc5 kinase, a homologue of the mammalian 
Polo kinase. Cdc5 then phosphorylates Cdc14 and Cfi1/Net1 (Shou et al., 2002; Visintin 
et al., 2003) leading to a transient release of Cdc14 from the nucleolus. A nucleolar 
protein Fob1 is also involved in the FEAR pathway. Fob1 is an inhibitor of Cdc14 release 
(Shah et al., 2001; Stegmeier et al., 2002, and Stegmeier et al., 2004).  In response to 
mitotic signals, Spo12 and Bns1 inhibit Fob1 to cause Cdc14 release.  
The Cdc14 released by the FEAR pathway promotes the stability of the elongating 
anaphase spindle. Pre-anaphase spindles are characterized by high microtubule turnover, 
while initiation of anaphase leads to a sudden Cdc14 dependent increase in spindle 
stability (Higuchi and Uhlmann, 2005).  It is thought that Cdc14 promotes spindle 
stability by mediating localization of microtubule stabilizing factors such as the Sli15-
Ipl1 complex (the yeast equivalent of the mammalian INCENP-Aurora complex) to the 
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spindle midzone (Pereira and Schiebel, 2003).  The FEAR pathway has also been shown 
to regulate nuclear positioning during anaphase (McGrew et al., 1992; Ross et al., 2004). 
 
1.1.1.2.2 MEN Pathway: 
The MEN pathway, predominantly responsible for mitotic Cyclin proteolysis, is a 
signalling cascade involving Tem1 (GTPase), Cdc5 (Polo-like kinase), Cdc15 (Ser/Thr 
kinase), Dbf2/Dbf20 (Ser/Thr kinases), Mob1 and Cdc14 phosphatase (Jaspersen et al., 
1998).  An analogous pathway in fission yeast, known as SIN (Septum Initiation 
Network), is responsible for the regulation of cytokinesis.  The end point of MEN is to 
elicit release of Cdc14 from nucleolar sequestration imposed by its inhibitor Cfi1/Net1 
(Mah et al., 2001).  Until metaphase the Tem1 GTPase is localized to the one of the SPBs 
(destined to migrate to the daughter) along with its inhibitor Bub2/Bfa1 (Pereira et al., 
2000). The activator of Tem1, the GDP/GTP exchange factor Lte1, is localized in the 
bud, and therefore is unable to activate Tem1 until late anaphase.  It has been proposed 
that migration of Tem1 carrying SPB into the bud during anaphase (Seshan et al., 2002; 
Yoshida et al., 2003) brings Tem1 in close proximity to Lte1 which leads to its activation. 
However, additional factors are likely to be involved, since deletion of Lte1 does not 
abrogate MEN signalling (Adames et al., 2001). Cdc14 released via the MEN pathway 
dephosphorylates Cdh1 and Sic1 (Visintin et al., 1998; Jaspersen et al., 1999; Wasch and 
Cross, 2002), which lower Cdc28-Clb kinase activity and facilitate exit from mitosis. 
The cell cycle can be viewed as an oscillator alternating between a Cdc28-Cyclin 
dominant period and an APC dominant period. In G1, Cdc28-Clb activity is very low. As 
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the cell exits G1, increasing Cdc28-Clb activity inhibits Cdh1 (an APC specificity factor) 
and promotes S phase and in G2M, activates the transcription of Cdc20 (Shirayama et al., 
1998, Yeong et al., 2001).  Cdc20 (also an APC activator), together with Cdh1, then 
brings about the destruction of Clbs, enabling cells to reset its cell cycle to G1. 
 
1.2 DNA Damage and Replication Checkpoints: 
Organisms are constantly exposed to environmental genotoxic agents such as reactive 
chemical compounds and high energy radiation. Also, mutations and other aberrations 
can arise spontaneously during an unperturbed cell cycle, especially during replication of 
repetitive rDNA and sites of high transcription activity such as tRNA genes (Takeuchi et 
al., 2003). If not corrected, some of these genomic insults may have catastrophic 
consequences for the organism, leading to cell death or cancer. In order to counteract 
these possibilities, cells have evolved sophisticated surveillance systems known as 
checkpoints to monitor genomic integrity (Hartwell and Weinert, 1989).  In the event of 
genomic insults, the checkpoint pathways impose cell cycle arrest, activate appropriate 
repair pathways, and co-ordinate the repair mechanisms with the cell cycle.  These 
mechanisms are strongly conserved among all eukaryotes, albeit with some variations 
(Melo and Toczyski, 2002).  
Checkpoints are essentially signal transduction cascades with sensors, transducers, 
and effectors.  In budding yeast, Mec1, (a phosphatidylinositol 3 kinase like kinase, 
PIKK and an ortholog of human ATR) is responsible for detection of genomic insults and 
initiation of signalling, via effectors like Mrc1 and Rad9 which amplify the signal. 
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Effector kinases like Rad53 (ortholog of human Chk2) which contains two Fork-head 
Associated (FHA) phosphopeptide binding domains flanking a kinase domain and Dun1 
and Chk1 (ortholog of human Chk1) directly interact with the cell cycle machinery or 
repair proteins, constitute the checkpoint pathways functioning during S or G2 phases 
(Nyberg et al., 2002). As work documented in this thesis investigates the mechanism by 
which checkpoints regulate spindle elongation, it would be instructive to take an 
overview of the current knowledge concerning checkpoints. 
 
Distinction between S Phase and G2/M Checkpoints: 
In the budding yeast, DNA damage surveillance mechanisms operate in G1, S and G2 
phases. These are the G1 DNA damage checkpoint, the S phase replication and DNA 
damage checkpoints, and the G2/M DNA damage checkpoint. The G1 and G2 
checkpoints respond to some types of localized physical damage to the DNA and are 
known as DNA damage checkpoints. In S.cerevisiae, the G1 DNA damage checkpoint is 
relatively weak, and only causes a delay rather than a cell cycle arrest (Gerald et al., 
2002). 
    Cells differentiate between various forms of DNA damage and respond to them in 
different phases of the cell cycle. In S phase, maintenance of replication fork integrity is 
paramount. Therefore, those forms of DNA damage which lead to widespread fork 
obstruction like DNA alkylation caused by MMS (methylmethanesulfonate, a DNA 
damaging drug) treatment, UV mediated thymidine crosslinking and dNTP depletion by 
hydroxyurea (HU) mediated inhibition of Ribonucleotide Reductase (RNR), all provoke a 
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checkpoint response in S phase which activates the same downstream events; fork 
stabilization, inhibition of late origin firing and cell cycle arrest. In the literature, the S 
phase checkpoint activated by dNTP depletion is often called the replication checkpoint, 
whereas S phase checkpoint responding to replication fork-obstructive DNA damage is 
called the intra-S phase checkpoint. These are both manifestations of the same checkpoint 
pathway, sharing common sensors, effectors kinases and downstream effectors and 
therefore shall be described together. 
On the other hand, some types of localized DNA damage such as discrete Double 
Strand Breaks (DSBs) do not cause systemic fork stalling, and therefore do not activate a 
checkpoint response in S phase, but rather arrest in the G2M phase (Harrison and Haber, 
2006). This checkpoint pathway is called the G2/M DNA damage checkpoint and is 
distinct from the S phase checkpoint in terms of effector kinases and downstream events. 
The following sections describe the mechanisms of checkpoint activation, their 
downstream pathways such as replication fork stabilization and inhibition of late origin 
firing, and how they bring about an arrest of cell cycle progression. 
 
1.2.1 The Replication and intra-S Phase Checkpoints in Budding Yeast: 
The S phase is a particularly vulnerable time for the cell, because the genome is already 
being subjected to substantial stress due to the process of DNA replication. Apart from 
the obvious possibility of replication fork stalling due to lowered dNTP levels, fork 
obstruction caused by DNA adducts of reactive chemical species in the environment or 
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UV irradiation interfere with normal fork progression and lead to  activation of the S 
phase checkpoint.  
All the abovementioned lesions require some modification by DNA processing 
proteins before sensor kinases can be recruited. For example, stalling of replication fork 
due to low dNTP levels exposes single stranded DNA (ssDNA) which must first be 
bound by a single stranded DNA binding protein RPA (Rfa1 in budding yeast) before the 
Mec1-Ddc2 complex can be recruited to this site (Zou and Elledge, 2003). Accordingly, 
RPA mutants are defective or hypomorphic in checkpoint activation (Lee et al., 1998).  It 
must be mentioned that significant stretches of ssDNA are already exposed at an active 
replication fork without fully activating the replication checkpoint; presumably, only 
stretches of DNA longer than those seen in normal replication can fully activate the 
checkpoint.  While an active fork has about 200 bases of single stranded DNA, forks 
experiencing low dNTP levels expose about 300-400 bases of single stranded DNA 
(Sogo et al., 2002). Collapsed or regressed forks may also be processed by Exo1 or other 
exonucleases to generate DNA structures capable of activating the replication checkpoint 
(Cotta-Ramusino et al., 2005).  In the case of a double strand break (DSB), resection of 
the 5’ ends by the Mre11-Rad50-Xrs2 exonuclease complex is required to generate long 
stretches of ssDNA, which in turn attract the Mec1-Ddc2 complex (Pellicioli et al., 
2001).   Likewise, for thymidine crosslinking induced by UV radiation, it has been 
demonstrated that the Nucleotide-Excision Repair (NER) pathway, which generates 
stretches of ssDNA at the affected site, is required for checkpoint activation (Neecke et 
al., 1999; Giannattasio et al., 2004).  
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It is likely that various forms of DNA damage are processed by respective DNA 
metabolism pathways to give rise to RPA coated ssDNA, which provides an easily 
identifiable, common signal for checkpoint sensor kinases to simplify the activation of 
the checkpoint response. 
 
1.2.1.1 Activation of Effector Kinase: 
Once lesion-generated ssDNA is coated by RPA, Mec1-Ddc2 is localised to this site 
through the affinity of Ddc2 for RPA coated ssDNA (Zou and Elledge, 2003). A crucial 
replication checkpoint transducer, Mrc1, is a component of the replication fork in 
complex with Tof1 and Csm3, and is therefore already present at the sites of replication 
fork collapse (Alcasabas et al., 2001). Analogously, DNA damage checkpoint transducer 
Rad9 has the ability to bind chromatin (Downs et al., 2000, Huyen et al., 2004). Other 
replication fork components are also required for full activation of the checkpoint. For 
instance, it has been shown in mammalian cells that TopBP1, homologue of S. cerevisiae 
Dpb11, a protein required for polymerase recruitment, binds to ATR and ATRIP and 
enables their complete activation (Mordes et al., 2008). The localization of Mec1 to the 
sites of stalled replication forks or damaged DNA changes the perceived concentration of 
crucial adaptor proteins like Mrc1 and Rad9. These proteins, which were earlier widely 
spaced throughout the nucleus, are now in close proximity, and Mec1 is able to 
phosphorylate its preferred S/T-Q consensus sites on the surface of these molecules. The 
phosphorylation of the adaptor proteins is thought to increase their affinity for the 
effector kinase Rad53, which has two Forkhead Associated (FHA) Domains, known for 
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their preference for binding phosphorylated peptide segments (Liao et al., 1999 and 
2000), thereby recruiting Rad53 to the sites of fork collapse/DNA damage. This pathway 
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Figure 4. Schematic representation of intra S/Replication checkpoint activation. 
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 Once the activated transducers Rad9 or Mrc1 attract Rad53 to the lesion, Rad53 is 
phosphorylated by Mec1. Rad53 is also known to have in-trans autophosphorylation 
activity, and various models have been proposed to explain the roles of Mec1-dependent 
phosphorylation and autophosphorylation.  Briefly, the so-called solid-state model 
suggests that phoshorylated transducer Rad9/Mrc1 provides a platform for multiple 
Rad53 molecules to bind in close proximity, thereby enabling autophosphorylation 
(Gilbert et al., 2001). This model however cannot explain the fact that even a kinase-
deficient form of Rad53 is known to be phosphorylated (Pellicioli et al., 1999). Another 
model, known as the catalysis model suggests that phosphorylated transducer bound to 
Mec1 brings Rad53 in close proximity to Mec1 to enable Mec1 to phosphorylate S/T Q 
sites on Rad53. The most likely scenario is a combination of the above mechanisms, 
wherein both Mec1 dependent and auto-phosphorylation play a role (Pellicioli and 
Foiani, 2005). These models are schematically depicted in Figure 5. 
Rad9 is dispensable for checkpoint activation in response to stalled forks, and Mrc1 is 
known to play the same role in this case (Alcasabas et al., 2001; Osborn and Elledge, 
2003). However, stalled forks may activate the Rad9 dependent DNA damage pathway in 
the absence of replication checkpoint activation, via aberrant processing of replication 
forks which leads to double stranded breaks, which are then recognized by the DNA 
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Figure 5. Various models for effector kinase Rad53 activation. Blue ellipses represent 
Rad9 or Mrc1 transducer kinases, small black circles stand for phosphorylation. Red 
circles depict inactive Rad53, green circles indicate activated Rad53, yellow circles 
represent intermediate Rad53. Light blue rectangles depict Mec1 kinase. A) Solid state 
model, phosphorylated Rad9/Mrc1 acts as a scaffold for Rad53 autophosphorylation B) 
Catalyst Model, Rad9/Mrc1 acts as a bridging factor to bring Mec1 and Rad53 together 
C) Hybrid model. 
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Other Components with Likely Roles in the Signal Transduction Pathway:  
The above models may not to be a complete picture, however, because it is not sufficient 
to bring about the co-localization of Rad53 and Mec1. Lee et al., (2004) made a Ddc2-
Rad53 fusion construct and expressed it in rad9Δ  mrc1Δ cells, and found that DNA 
damage was required for full activation of Ddc2-Rad53. This result suggests that 
although the adaptor protein brings Rad53 and Mec1 in close proximity, this alone is not 
sufficient for checkpoint activation since this function was achieved by the Ddc2-Rad53 
fusion without activating a checkpoint response. The presence of other factors such as 
replication fork components (Mordes et al., 2008) seems to be crucial for full checkpoint 
activation. In this context, it has recently been shown that co-localization of the 
Proliferating Cell Nuclear Antigen (PCNA)-like Ddc1-Mec3-Rad17 complex along with 
the Mec1-Ddc2 complex to the sites of DNA damage was necessary for Mec1 activation 
(Bonilla et al., 2008). Specifically, the authors show that co-localization of Ddc1 and the 
Mec1-Ddc2 complex was required for full activation of DNA damage checkpoint. Ddc1 
is known to localize to forks stalled due to hydroxyurea mediated depletion of dNTPs 
(Katou et al., 2003). It is also known that mutation in replication fork component Rfc5 
prevents checkpoint activation in response to DNA damage during replication (Sugimoto 
et al., 1997). These data indicate that other proteins play a role in checkpoint activation 
and further work is necessary before the activation of checkpoints is fully elucidated. It 
may be that the presence of fork-specific factors is a requirement that has evolved to 
enable the checkpoint to distinguish between different genomic insult contexts, such as 
replication fork stalling, double stranded breaks etc. 
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Mec1 Dependent, Rad53 Independent Checkpoint Branches: 
There is evidence in the literature that Mec1 activates other downstream pathways that do 
not require Rad53. Supporting this contention, deletion of Mec1 causes a much greater 
rate of gross chromosomal rearrangement (GCR) than Rad53 deletion (Tercero and 
Diffley, 2001; Myung et al., 2001). It has recently been discovered that the sensitivity of 
rad53Δ cells to DNA damaging agents and the consequent replication fork breakdown 
may be almost completely suppressed by deletion of Exo1, an exonuclease involved in 
processing regressed/collapsed forks (Segurado and Diffley, 2008). Exo1 deletion did not 
alleviate the sensitivity of mec1Δ, suggesting that alternative Rad53 independent 
pathways emanate from Mec1 to stabilize the replication fork.   
 
Activation of Replication/intra-S Phase Checkpoint in Other Organisms: 
Like in S. cerevisiae, activation of the checkpoint in mammalian cells requires the 
recruitment of ATR (ATM and Rad3 Related), the mammalian homolog of Mec1, via 
ATRIP (mammalian homolog of Ddc2), which binds RPA coated ssDNA. Also, Claspin, 
the mammalian equivalent of signal transducer Mrc1 is required for checkpoint activation 
(Nyberg et al., 2002). The 9-1-1 (Rad9-Hus1-Rad1) complex is recruited to sites of 
replication arrest or DNA damage by the Rad17-RFC Clamp-loader (Ben-Yehoyada et 
al., 2007; Bonilla et al., 2008). These complexes most likely serve to activate the ATR 
kinase (Bonilla et al., 2008). Unlike budding yeast, activation of the replication 
checkpoint in mammalian cells results in Chk1 phosphorylation and activation by ATR. 
ATR and Chk1 then mediate various downstream events like inhibitory 
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phosphorylation/degradation of Cdk-activating phosphatase Cdc25A to halt the cell cycle 
(Sanchez et al., 1997), inhibition of late origin firing, fork stabilization and activation of 
p53, a vital co-ordinator of the cellular checkpoint response (Sancar et al., 2004).  
Checkpoint activation in S. pombe follows the same mechanism as seen in budding 
yeast. RPA coated stretches of ssDNA are bound by Rad3/Rad26 (homologous to 
budding yeast Mec1/Ddc2), which then phosphorylate Chk2 (homologue of Rad53), via 
the transducer Mrc1 (Tanaka and Russell, 2004). Activated Chk2 then mediates 
downstream functions including inhibition of Cdc2-activator phosphatase Cdc25 (Furnari 
et al., 1999), inhibition of late origin firing, and fork stabilization. 
 
1.2.1.2 Downstream Functions of Activated Checkpoint: 
Phosphorylated Rad53 is an effector kinase which activates various downstream 
mechanisms to: 1) stabilize stalled replication forks, 2) inhibit late origin firing, 3) 
suppress untimely recombination and activate DNA repair pathways through Dun1 kinase 
and Sml1 inhibition (Zhao and Rothstein, 2002), and 4) delay cell cycle by inhibiting 
Cdc5 (Smits et al., 2000; Cheng et al., 1998). These pathways are depicted in Figure 6 
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1.2.1.2.1 Stabilization of Stalled Replication Forks:   
The effect of replication checkpoint deficiency on stalled replication forks has been 
studied by various groups. The Foiani lab (Lopes et al., 2001) studied replication fork 
fates in wild type and checkpoint deficient cells exposed to hydroxyurea using two-
dimensional gel electrophoresis for DNA. It was found that while wild type forks show 
large Y shaped intermediates and replication bubbles (indicative of stable and slowly 
advancing replication forks) for extended periods of HU arrest,  mutants arrested with 
small Y molecules (suggesting that forks had collapsed soon after initiation) and showed 
an aberrant cone shaped signal thought to represent DNA structures resulting from 
regressed forks. It was also seen that after the removal of hydroxyurea, wild type cells 
resumed DNA replication; in contrast, checkpoint mutants were unable to do so and 
persisted with the aberrant fork structures. 
   Replication fork responses to hydroxyurea in the presence or absence of checkpoint 
have also been studied using electron microscopy to directly observe fork status (Sogo et 
al., 2002). Wild type cells undergoing a normal unperturbed S phase reveal a stretch of 
single stranded DNA about 200 nucleotides (nt) long. Upon depletion of dNTPs by 
addition of hydroxyurea, this single stranded region was seen to extend to 300 
nucleotides, consistent with the requirements for checkpoint activation. In checkpoint 
defective rad53-1 cells, however, 800 nt single stranded DNA stretches were the norm. In 
addition, hemi-replicated DNA structures with a single stranded lagging strand were 
observed. Some cells also displayed X-shaped structures, suggestive of fork reversal 
incidents which might correspond to the cone shaped signal seen in 2D gel 
electrophoresis analysis by Lopes et al., (2001). These experiments have unequivocally 
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shown that the DNA replication checkpoint is required to stabilize replication forks when 
they stall. Fork collapse is thought to be the primary cause behind the sensitivity of 
checkpoint mutants to dNTP depletion or DNA damage (Tercero and Diffley, 2001). 
While the consequences of checkpoint deficiency for stalled forks is well known, the 
mechanism behind checkpoint-mediated stabilization of replication forks is much less 
clear. However, a broad outline may be emerging.  
   Using Chromatin Immunoprecipitation (ChIP), it was demonstrated that functional 
Mec1 and the helicase Sgs1 are required for long term association and progress (over 40-
60 minutes longer than a normal S phase) of DNA polymerase α and polymerase ε with 
the sites of replication fork stalling (Cobb et al., 2003, Cobb et al., 2005 and Lucca et al., 
2004). Studying ARS305, it was shown that in wild type cells exposed to hydroxyurea, 
forks advance about 3-5 kb from the origin before slowing and further advancing about 
10 kb over the period of 60 minutes. In contrast, checkpoint mutants are unable to retain 
pol α and pol ε in the vicinity of stalled forks (Cobb et al., 2003).  Polymerases α and ε 
are crucial components of the replisome and these results show that activated checkpoint 
enables the replisome to retain stability and to continue to function. Aparicio et al., 
(1999) have shown that, in response to checkpoint arrest, recruitment of Cdc45 and DNA 
polymerase α, both required for origin firing, is delayed at late origins in wild type cells, 
but not in rad53 mutants. It was also demonstrated that Mec1 was responsible the 
phosphorylation of H2A (Histone 2A) at the stalled forks (Cobb et al., 2005). 
Phosphorylation of chromatin binding proteins changes their affinity for crucial 
downstream effectors, and is a common mechanism for enriching these effectors in the 
vicinity of upstream sensor kinases. 
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   Lopes et al., (2001) demonstrated that primase mutants, among others, show the same 
phenotype in 2D gel electrohoresis as checkpoint mutants. These results are corroborated 
by electron microscopy data (Sogo et al., 2002). This phenotype is not owing to an 
inability to activate the checkpoint, since primase mutants are checkpoint proficient. 
These facts suggest that primase is located downstream of checkpoint, and is a target of 
the activated checkpoint. This data ties in well with the result that activated checkpoint is 
able to modulate the phosphorylation status of the primase complex and other proteins 
like the RPA components Rfa1 and Rfa2, suggesting a possible route by which fork 
stability may be controlled (Brush and Kelly, 2000; Pellicioli et al., 1999).  
    An interesting role for the replication checkpoint transducer, Mrc1, and its ligand Tof1 
has been brought to light. Mrc1, Tof1 and Csm1 form a heterotrimer which is associated 
with the replication fork in both normal and checkpoint-activated circumstances (Katou 
et al., 2003). When the replication fork is subjected to stress, absence of Mrc1-Tof1-
Csm1 results in a decoupling of the replicative polymerases, Cdc45 and the MCM 
helicase complex from the site of DNA synthesis (Katou et al., 2003), and the complex 
ends up about 3kb from the site of synthesis. However, such decoupling was not observed 
in the simultaneous absence of Mec1 and Tel1 (although Cdc45 localization to forks was 
severely hampered in mec1Δ  tel1Δ cells exposed to HU), indicating that Mrc1-Tof1-
Csm1 regulate replisome pausing in response to replication blockage independently of 
upstream kinases (Katou et al., 2003).  
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1.2.1.2.2 Inhibition of Late Origin Firing:   
It has been known for some time that replication checkpoint activation leads to an 
inhibition of late origin firing (Santocanale and Diffley, 1998). Analysis by Cobb et al., 
(2003) showed clearly that checkpoint mutant rad53-1 cells prematurely initiate late 
origin firing. Recently Alvino et al., (2007) showed that the checkpoint does not 
discriminate between early and late origins; rather, the identity of the origins which are 
inhibited by checkpoint depends on the extent of dNTP limitation, such that the order in 
which origins are fired remains the same, only occurring over a greater timescale. Kihara 
et al., (2000) have shown that Dbf4 is a target of checkpoint activated Rad53. Dbf4 is a 
regulatory subunit in the Dbf4/Cdc7 kinase complex, which is responsible for firing of 
origins of replication by phophorylation of the MCM helicase complex (Lei et al., 1997). 
Phosphorylation of Dbf4 brings about the dissociation of Dbf4 from Cdc7. The 
checkpoint can thus directly inhibit late origin firing. It has also been proposed that 
sequestration of polymerases at stalled replication forks may serve as a means of 
preventing late origin firing and as a measure of the extent of replication inhibition in HU 
treated cells (Rhind, 2008).  
 
Inhibition of Late Origin Firing in Other Organisms: 
In mammalian cells, activated ATR and ATM (which responds to double stranded 
breaks) act through their respective effector kinases Chk1 and Chk2 to phosphorylate and 
degrade Cdk2 activator Cdc25A phophatase, thereby inhibiting S phase kinase Cdk2 
(Mailand et al., 2002; Karlsson-Rosenthal and Millar, 2006). Cdc7, a kinase responsible 
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for origin firing, is also a target of the checkpoint. Cdk2 and Cdc25A are rate-limiting for 
firing of origins (Shechter et al., 2004). Interestingly, it has also been shown that Cdc7 
has an additional role in the activation of the checkpoint itself (Kim et al., 2008).  
In S. pombe, as in S. cerevisiae, it has been shown that activated Cds1 (a Rad53 
homologue) phosphorylates both Dfp1 and Hsk1 (homologues of Dbf4 and Cdc7 
respectively) (Takeda et al., 1999, 2001; Snaith et al., 2000). This is likely to be the 
mechanism by which the activated checkpoint prevents late origin firing. In addition to 
preventing late origin firing, there is evidence to suggest that Dfp1/Hsk1 acts in concert 
with the Mrc1/Tof1/Csm1 complex to stabilize replication forks (Matsumoto et al., 
2005). 
 
1.2.1.2.3 Suppression of Recombination and Repair of Collapsed Forks: 
The activated checkpoint suppresses untimely recombination during an ongoing S phase, 
activates pathways to resolve aberrant recombinogenic structures, and gives replication 
forks time to complete S phase. Multiple recombination associated proteins such as 
Rad55, Srs2, and Mus81 are known to be phosphorylated by the checkpoint (Boddy et al., 
2000; Liberi et al., 2000). Supporting this view, checkpoint proficient cells are able to 
prevent the formation of Rad52 (responsible for lesion repair using recombination) foci 
when arrested with hydroxyurea. After S phase is complete, many Rad52 foci may be 
seen. In checkpoint deficient cells, foci are observed during the S phase in cells arrested 
with HU (Lisby et al., 2001).  
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Multiple helicases and nucleases are known to play a role in resolving Holliday Junctions 
or “chicken foot” structures produced by fork regression. These include the helicase 
Sgs1, which accompanies the advancing fork and is required for stalled fork stability 
(Cobb et al., 2003; Bjergbaek et al., 2005). Sgs1, along with topoisomerase Top3 has 
been shown to resolve recombinogenic structures, preventing genomic aberrations 
(Gangloff et al., 1994; Ira et al., 2003). A similar role is played by Srs2, which is 
synthetic lethal with Sgs1 (Gangloff et al., 2000). Mus81 and Mms4 form a heterodimeric 
nuclease complex which is thought to resolve Holliday Junctions or prevent their 
formation (Doe et al., 2002; Fabre et al., 2002). It is involved in DNA repair responses to 
HU and various forms of DNA damage. Mus81 is also synthetic lethal with Sgs1 (Ii and 
Brill, 2005). 
   In some cases, such as UV induced DNA crosslinking, the checkpoint enables the 
replication fork to bypass sites of damage, leaving single stranded gaps in the genome, 
which are later repaired by mechanisms such as Trans-Lesion Synthesis (TLS) or 
homologous recombination (West et al., 1981; Lopes et al., 2006). 
   Activated Rad53 kinase, acting through Dun1, also activates downstream mechanisms 
such as transcription of DNA repair genes, dNTP synthesis genes such as RNR1, and 
degradation of Sml1, an inhibitor of Rnr1 (Zhao and Rothstein, 2002).   
 
1.2.1.2.4 Inhibition of Cell Cycle Progression:  
The defining function of a checkpoint is to prevent the onset of future cell cycle events if 
a problem is detected during the ongoing phase of the cell cycle. The replication/intra-S 
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phase checkpoint ensures that cells exposed to fork stalling or DNA damage remain in S 
phase until the cell has successfully duplicated its genome. In checkpoint mutants like 
mec1-1 or rad53-21, cells undergo precocious spindle elongation and reductional division 
of the largely haploid genome. The mechanism by which an activated checkpoint 
prevents this fate has been investigated by many laboratories, including our own. 
   In mammalian systems or S. pombe, it has been shown that the primary target of the 
checkpoint is Cdk1/Cdc2 kinase, which is inhibited by checkpoint dependent inhibitory 
phosphorylation of Tyrosine 15 (Y19 in Cdc28). Substitution of this tyrosine residue with 
phenylalanine (equivalent to a dephosphorylated state) completely disables checkpoint 
induced cell cycle arrest (Melo and Toczyski, 2002). However, budding yeast seems to 
have additional means of controlling the cell cycle. While Y19 dephosphorylation is 
necessary for the onset of mitosis in budding yeast, substitution of Y19 with a 
phenylalanine residue (F19) , which mimics a constitutively dephosphorylated Cdc28, is 
not sufficient to abrogate checkpoint mediated cell cycle arrest (Amon et al., 1992; 
Sorger and Murray, 1992). 
It has also been shown that Cdc5, the yeast homolog of mammalian Polo-kinase is 
inhibited by the checkpoint via Rad53 dependent phosphorylation (Cheng et al., 1998). 
Cdc5 is a crucial component of the MEN and the FEAR pathways required for the cell to 
exit mitosis. Thus checkpoint mediated inhibition of Cdc5 is thought to prevent 
premature mitotic exit (Sanchez et al., 1999). In addition to its role in mitotic exit, it has 
been shown in mammals and budding yeast that Polo kinase/Cdc5 is responsible for the 
inhibitory phosphorylation and subsequent dissociation of substantial quantities of 
chromosome-bound Cohesin (Alexandru et al., 2001; Hornig and Uhlmann, 2004).  
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Therefore, inhibition of Cdc5 by the checkpoint may also play a role in preventing 
premature chromosome segregation. 
 
1.2.1.2.4.1 Direct Regulation of Spindle Elongation by Checkpoint:  
The precocious spindle elongation and segregation of unreplicated chromosomes seen in 
checkpoint mutants mec1-1 or rad53-21 has often been assumed to be a premature entry 
into mitosis (Osborn et al., 2002). However, Brown and Baltimore (2003) have suggested 
that mammalian cells are able to prevent entry into mitosis independently of the 
checkpoint sensor kinases ATM and ATR, homologs of the budding yeast Tel1 and 
Mec1, respectively. They show that ATRΔ/- as well as double mutant ATM-/- ATRΔ/- and 
ATRΔ/- p53-/- cells exposed to DNA polymerase inhibitor aphidicolin (resulting in early S 
phase arrest) are still able to inhibit crucial mitotic events such as chromosome 
condensation and histone H3 phosphorylation. This data implies that there may be 
additional control branches operating to prevent premature onset of mitotic events.   
There has also been other interesting work implying that the replication checkpoint 
regulates spindle dynamics directly. Investigations on replication checkpoint in fission 
yeast indicate that spindle checkpoint sensor Mad2 plays a significant role when the 
replication checkpoint is active (Sugimoto et al., 2004; Kim and Burke, 2008). 
Conversely, Clarke et al., (2003) have shown that inhibition of Cdc20 (the target of 
Mad2), independent of its APC activation role, is a likely mechanism through which the 
replication checkpoint prevents premature spindle elongation and chromosome 
segregation. 
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The mechanism by which S phase checkpoints prevent untimely segregation of 
chromosomes forms the main focus of this thesis, and shall be elaborated upon in greater 
detail in later chapters.  
 
Cell Cycle Inhibition by Checkpoint in Other Organisms: 
When the replication/intra-S phase checkpoint is activated in mammalian cells, ATR 
activated effector kinase Chk1, phosphorylates Cdc25A, which is an activator of 
CyclinA/Cdk2 (Sanchez et al., 1997). The resultant inhibition of the Cyclin/Cdk complex 
is sufficient and necessary to bring about a halt of the cell cycle. In addition, higher 
eukaryotes like mammals have an ATM/ATR activated p53 dependent pathway, which 
also inhibits cell cycle progression through p21 mediated inhibition of Cyclin/Cdk 
(Westphal, 1997). The p53 branch also induces apoptosis (cell-suicide) in some 
circumstances (Kuribayashi and El-Deiry, 2008). 
In S.pombe, activated checkpoint in S phase acts via Chk2 to degrade Cdc2 activating 
phosphatase Cdc25, halting the cell cycle via inhibitory phosphorylation of Cdc2 at 
Tyr15 (Enoch and Nurse, 1990; Furnari et al., 1999). Another related pathway is thought 
to increase Wee1 (responsible for inhibitory phosphorylation of Cdc2 at Tyr15) activity 
to achieve the same effect (Raleigh and O’Connell, 2000). Some studies also implicate 
other Cdc2 regulators such as Mik1 (Sheldrick and Carr, 1993; Christensen et al., 2000).  
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1.2.2 G2M DNA Damage Checkpoint: 
Lesions that do not obstruct the advancing replication fork or can be bypassed by the fork 
do not induce a cell cycle arrest in S phase. In other words, the only way to arrest the cell 
cycle in S phase is to interfere with replication fork progression, either by dNTP 
depletion by HU treatment or physically obstructing fork progression by MMS mediated 
alkylation of DNA or UV induced thymidine-thymidine dimer formation. All these 
varying perturbations give rise to the same downstream responses; fork stabilization, 
inhibition of late origin firing and cell cycle arrest.  On the other hand, lesions that do not 
obstruct replication forks such as double stranded breaks (DSBs) induced by HO 
endonuclease or ionizing radiation in G1 or S phase typically arrests in G2 phase after 
completion of S phase. It is worth mentioning that in budding yeast, in contrast to 
mammalian cells, DNA damage in G1 phase only induces a delay but is unable to cause 
cell cycle arrest (Gerald et al., 2002). 
 
1.2.2.1 G2M DNA Damage Checkpoint Activation: 
Lesions such as double stranded breaks are processed by 5’ to 3’ exonucleases like the 
Mre11-Rad50-Xrs2 (Mre11-Rad50-Nbs1 in mammalian systems) to generate 3’ ssDNA 
overhangs (Chamankhah and Xiao, 1999; Maser et al., 1997; Nyberg et al., 2002). These 
exonucleases are prevented from becoming active early in the cell cycle; hence this sort 
of damage is generally acted upon during G2M phase (Clerici et al., 2004; Ira et al., 
2004). The ssDNA structure attracts two sensor complexes independently.  
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   A PCNA (Proliferating Cell Nuclear Antigen) processivity factor-like clamp complex 
commonly called the 9-1-1 complex (in mammals and S. pombe it is composed of Rad9-
Hus1-Rad1; the S. cerevisiae counterpart is Ddc1-Mec3-Rad17) is loaded on to the 
ssDNA-dsDNA junctions by a pentameric DNA damage specific clamp loader composed 
of  Rad24-Rfc2-5 (Bermudez et al., 2003; Majka and Burgers, 2003). This clamp loader 
is similar to the Rfc1-5 clamp loader that operates during normal replication. 
Simultaneously, as in the replication checkpoint, the Mec1-Ddc2 complex is recruited to 
the site by RPA bound to the exposed ssDNA. Tel1, a homologue of the ATM kinase, 
also binds to DSBs and is directly activated by the MRN complex (Clerici et al., 2004), 
but the predominant role is played by Mec1 in budding yeast (Rouse and Jackson, 2002; 
Zou and Elledge, 2003). It has recently been shown that co-localization of these two 
independently recruited complexes is necessary. Proximity of the Ddc1 protein in the 
Ddc1-Mec3-Rad17 complex is sufficient for full activation of the checkpoint pathway 
(Bonilla et al., 2008).  
Mec1 or Tel1 phosphorylate the transducer protein Rad9 (Emili et al., 1998, Vialard 
et al., 1998), the DNA damage checkpoint equivalent of Mrc1 and an orthologue of 
mammalian BRCA1, containing 2 BRCT domains (Nyberg et al., 2002). Efficient 
phosphorylation of Rad9 by sensor kinases requires the phosphorylation of H2A at its C 
terminus (Huyen et al., 2004; Toh et al., 2006). This phosphorylation presumably 
enhances the local binding of Rad9, increasing the likelihood of Rad9 phosphorylation by 
Mec1. In addition to H2A phosphorylation, methylation of histone H3 Lys79 by Dot1 
methyltransferase is required for chromatin association of Rad9 via its Tudor domain 
(Huyen et al., 2004). Also, it has been shown that Rad9 phosphorylation by Cdc28 is 
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likely to be indispensable for its role in transducing the DNA damage signal (Bonilla et 
al., 2008). Phosphorylated Rad9 is bound by Rad53 and Chk1, which brings these 
proteins into close proximity of Mec1. Mec1 then phosphorylates S/TQ consensus sites 
on Rad53 and Chk1 (Blankley and Lydall, 2004; Schwartz et al., 2002). Both proteins are 
known to undergo autophosphorylation, and full activation of these proteins likely 
requires both Mec1 and autophosphorylation activities (Gilbert et al., 2001, Walworth 
and Bernards, 1996). 
There have been some attempts to map the sites on activated Rad53 which are 
phosphorylated upon DNA damage checkpoint activation, however there is disagreement 
regarding the exact identity of the sites (Smolka et al., 2005; Sweeney et al., 2005). 
Rad53 has also been shown by these studies to have proline directed phosphorylation 
sites, suggesting involvement of Cdk in Rad53 activation (Ira et al., 2004). Once effector 
kinases Rad53 and Chk1 are activated by phosphorylation, they undertake downstream 
functions to halt the cell cycle until the DNA damage is resolved.  
 
Activation of DNA Damage Checkpoint in Other Organisms: 
In mammalian cells, double stranded breaks are also directly sensed by ATM which is 
activated by the MRN complex (Usui et al., 2001). In mammals, ATM targets Chk2, the 
Rad53 ortholog (Pommier et al., 2005), via BRCA1, which shows limited sequence 
similarity to Rad9 and plays the role of transducer in this process (Foray et al., 2003). 
DSBs which are resected to reveal ssDNA are bound by the ATR/ATRIP complex, which 
phosphorylates and activates Chk1 (Liu et al., 2000). 
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In S. pombe, DNA damage checkpoint is activated via sensor kinase Rad3. 
Rad3/Rad26 complexes recruited to the sites of DNA damage, along with the 9-1-1 
complex, activate Chk1 via the transducer Crb2 (a homologue of budding yeast Rad9) 
(Martinho et al., 1998). Unlike budding yeast and mammals, Chk2 is not involved in the 
G2/M DNA damage checkpoint in S. pombe, only in S phase replication and DNA 
damage checkpoints (Mochida et al., 2004). Conversely, Chk1 is not normally activated 
in S phase arrest elicited by HU, but may be activated in the absence of the Chk2 branch.  
 
1.2.2.2 Downstream Functions of the DNA Damage Checkpoint: 
Once activated, the checkpoint acts to halt the cell cycle and inhibit the later events in 
mitosis, namely anaphase and mitotic exit. A broad picture of how this is accomplished 
has been delineated, and is described in the following sections. The pathways are 
schematically depicted in Figure 7. 
 
1.2.2.2.1 Prevention of Anaphase: 
Activated Chk1 and Rad53 are the effectors which bring about cell cycle arrest and 
activate DNA repair pathways in response to DNA damage checkpoint activation. In 
budding yeast, Chk1 has been shown to phosphorylate Securin Pds1 (Sanchez et al., 
1999). This phosphorylation disrupts the interaction between APC specificity factor 
Cdc20 and Pds1, thereby preventing Pds1 degradation, maintaining its inhibition of 
Separase Esp1. This prevents Scc1 cleavage and chromosome segregation. It has been 
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suggested that Chk1-dependent Pds1 phosphorylation acts by interfering with the 
APCCdc20 dependent ubiquitination of Pds1 (Agarwal et al., 2003).  
Rad53 has also been shown to inhibit interaction between Cdc20 and Pds1 thereby 
helping to maintain cell cycle arrest (Agarwal et al., 2003). DNA damage checkpoint has 
also been shown to inhibit Cdc20 activity through the cAMP protein kinase A (PKA) 
pathway to inhibit anaphase (Searle et al., 2004). The budding yeast 14-3-3 protein Bmh1 
and Bmh2 have also been shown to play an important role in enforcing metaphase arrest 
during DNA damage, likely by modulation of Rad53 activity (Usui and Petrini, 2007;   
Grandin and Charbonneau, 2008). Interestingly, reports have also emerged that sensor 
kinases Mec1 and Tel1 have a Chk1/Rad53 independent means of preventing anaphase 
upon DNA damage. This pathway acts through the spindle checkpoint Mad2 machinery 
(Kim and Burke, 2008). There are indications that this role may not require sensor kinase 
activity (McSherry et al., 2007).  These various mechanisms may collaborate to impose 
an efficient metaphase arrest. 
 
1.2.2.2.2 Prevention of Mitotic Exit: 
In addition to the inhibition of anaphase, checkpoint pathways are also required to 
prevent mitotic exit. The Mec1-Rad53 branch is thought to play the predominant role in 
preventing mitotic exit through its phosphorylation and inhibition of Cdc5, a crucial 
activator of mitotic exit (Cheng et al., 1998; Sanchez et al., 1999; Hu et al., 2001). It is 
also known that Bfa1, which in complex with Bub2 inhibits the Mitotic Exit Network 
(MEN) activator Tem1, is targeted by the checkpoint in a Rad53 and Dun1 dependent 
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manner (Hu et al., 2001). Therefore there are at least two pathways by which the 
checkpoint is able to prevent MEN activation. In addition to preventing mitotic exit, 
Cdc5 phosphorylates chromatin bound Cohesin subunit Scc1, making it a more efficient 
target for Separase Esp1 (Hornig and Uhlmann, 2004). This raises the possibility that 
Cdc5 inhibition by checkpoint may also play a role in anaphase prevention.  
It is also likely that Chk1 plays a role in controlling mitotic exit, since chk1Δ cells are 
able to exit mitosis and form microcolonies (Liang and Wang, 2007). It has been shown 
by Liang and Wang (2007) that Chk1 is able to prevent initiation of the FEAR pathway, 
acting via its stabilization of Pds1, thereby reinforcing the inhibition of Esp1, whose 
activity is required for activation of the FEAR pathway. Activated DNA damage 
checkpoint pathways also inhibit Cdc28 through Tyr19 phosphorylation, as it does in S. 
pombe and mammalian systems. The importance of this phosphorylation is unclear 
however, since budding yeast, unlike other organisms, is able to maintain checkpoint 
arrest even when Tyr19 is replaced by phenylalanine (F19), which mimics a 
constitutively dephosphorylated Cdc28 (Amon et al., 1992; Sorger and Murray, 1992). 
 
Downstream Effects of Checkpoint Activation in Other Organisms: 
In mammalian cells, both Chk1 and Chk2 mediate the degradation of the Cdc25 family of 
phosphatases (required for Cdk activation), thereby inhibiting Cdk1 and Cdk2. Since 
active Cdk1 and Cdk2 are indispensable for cell cycle progression, cell cycle is 
effectively halted (Bartek and Lukas, 2007). Also, p53 is activated by ATM-Chk2 and 
ATR-Chk1 phosphorylation, after which it activates a transcriptional program to arrest 
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the cell cycle and induce apoptosis, if necessary (Sancar et al., 2004). Mammalian cells 
are known to inhibit Polo kinase Plk1 upon DNA damage checkpoint activation (van 
Vugt et al., 2001; Zhang et al., 2005; van Vugt and Medema, 2005). This pathway 
prevents premature centrosome separation and premature mitotic exit. 
A similar control scheme is in place in S.pombe cells. Rad3 (homolog of budding 
yeast Mec1) activates Chk1 during DNA damage checkpoint activation. Chk1 
phosphorylates and destabilizes Cdc25 phosphatase and enables the inactivation Cdc2 via 
Tyr15 phosphorylation (Rhind N et al., 1997), resulting in cell cycle arrest. The DNA 
damage checkpoint has also been shown to enhance Wee1 activity, presumably as a fail-
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Figure 7. Schematic depiction of the pathways by which DNA damage checkpoint 
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1.3 Focus of this Project: 
As mentioned in earlier sections, it has been commonly assumed in the literature that the 
premature spindle elongation and segregation of haploid nucleus seen in checkpoint 
mutants like mec1-1 or rad53-21 represents an inability of these mutants to restrain cell 
cycle progression. However, Brown and Baltimore (2003) have shown that checkpoint 
mutants arrested in S phase do not undergo typical mitotic events like chromosome 
condensation and histone H3 phosphorylation. Does this imply that the checkpoint 
pathway is able to directly regulate spindle dynamics? We address this question in 
Chapter 3, and seek to elucidate the interaction between the spindle and the replication 
checkpoint machinery. 
Given the many similarities and common effectors between S phase and DNA 
damage checkpoints, we ask whether our findings regarding replication checkpoint in 
Chapter 3 are also applicable in the context of DNA damage checkpoint. This question is 
complicated by the fact that spindle dynamics in G2/M are also restrained by the presence 
of Cohesin and bipolar attachment and may obscure any parallel spindle regulation by the 
DNA damage checkpoint. We adapt an existing Cohesin manipulation system to try to 
remove this ambiguity and describe the results of our investigations in Chapter 4. Our 
findings in the DNA damage checkpoint context are extrapolated to the replication 
checkpoint in Chapter 5. 
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Table 1. Antibodies Used in This Study: 
 
                       Antibody                                   Source  
Mouse Monoclonal Anti-HA Roche Diagnostics 
Mouse Monoclonal Anti-cmyc  Santa Cruz Biotechnology Inc 
Rabbit Polyclonal Anti-HA Santa Cruz Biotechnology Inc 
Rabbit Polyclonal Anti-cmyc Santa Cruz Biotechnology Inc 
Rabbit Polyclonal Anti-G6PDH Sigma-Aldrich 
Mouse Monoclonal Anti-phosphotyrosine BD Transduction Laboratories 
Rat Monoclonal Anti-Tubulin YOL 1/34 Serotec 
 
 
Table 2. Strains Used in This Study: 
 
Strain Number                                     Genotype Source 
US106 MAT a, cdc15-2 ura3 leu2 trp1 his3 US Lab 
US243 MAT a, Clb1Δ:URA3 Clb2Δ:LEU2 GAL-CLB2::TRP1  
his3                                                                                    
US Lab 
US312 MAT a, mad2 ura3 trp1 his3 leu2  US Lab 
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US412 MAT a, cdc13-1 bar1 ura3 trp1 his3 leu2 US Lab 
US1165 MAT a, bar1 CDC28-cmyc-TRP1, CLB2-HA3-HIS3, 
trp1 leu2  his3 
 
US1363 MAT a, bar1 (unmarked) ura3 trp1 his3 leu2 US Lab 
US1389 MAT a, bar1Δ:URA3 cdc23-1 trp1 leu2 his3 US Lab 
US2076 MAT a, cdc15-2 cdh1Δ::URA3 leu2 trp1 his3 US Lab 
US3135 MAT a, cdc13-1 mec1 ura3 trp1 his3 leu2  US Lab 
US3138 MAT a, mec1-1 ura3 leu2 his3 trp1 US Lab 
US3248 MAT a, bar1Δ:URA3 mec1-1 cdc23-1 ade2-1 can1-100 
trp1-1 leu2-3 his3-11                                                         
This Study 
US3259 MAT a, CDC5-HA3::URA3 leu2 trp1 his3 This Study 
US3266 MAT a, mec1-1 pCIN8-HA-TRP-CEN uar3 leu2 his3 This Study 
US3273 MAT a,  pCIN8-HA-TRP-CEN uar3 leu2 his3 This Study 
US3329 MAT a, leu2 tetR-GFP::LEU2 CEN5::tetO::HIS3 trp1 
ura3 
K.Nasmyth 
US3335 MAT a, SCC1- myc18-TRP1 ura3 leu2 his3 This Study 
US3377 MAT a, mec1-1 Clb1Δ:URA3 Clb2Δ:LEU2 GAL-
CLB2::TRP1  his3                                                              
This Study 
US3442 MAT a, bar1Δ 6XGAL-RAD53-HA2::URA3 leu2 his3 
trp1 
This Study 
US3458 MAT a, mec1-1 leu2 tetR-GFP::LEU2 
CEN5::tetO::HIS3 trp1 ura3 
This Study 
US3493 MAT a, pSTU2-myc-TRP-CEN ura3 leu2 his3 This Study 
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US3494 MAT a,mec1-1  pSTU2-myc-TRP-CEN ura3 leu2 his3 This Study 
US3499 MAT a,  mec1-1 SCC1- myc18-TRP1 ura3 leu2 his3 This Study 
US3556 MAT a, GAL-PDS1::TRP1 tetO-CEN5::HIS3 
tetRGFP::LEU2 ura3 
This Study 
US3558 MAT a,  cdc28-as1 ura3-1 trp1 leu2 his3 D.Morgan 
US3639 MAT a, mec1-1 stu2-10 ura3 leu2 his3 trp1                      This Study 
US3641 MAT a, mec1-1 CIN8Δ:LEU2  ura3 his3 trp1        This Study 
US3663 MAT a, pGAL-CIN8-myc-TRP1-CEN ura3 leu2 his3 This Study 
US3666 MAT a,mec1-1  pGAL-CIN8-myc-TRP1-CEN ura3 leu2 
his3 
This Study 
US3695 MAT a, 1XGAL-RAD53-HA2::URA3 trp1 leu2 his3 This Study 
US3697 MAT a, mec1-1 stu2-10 cin8Δ:LEU2 his3 trp1 This Study 
US3812 MAT a, pGAL-KIP1-myc-TRP1-CEN leu2 ura3his3 This Study 
US3815 MAT a, cdc28-1N pGAL-KIP1-myc/TRP1/CEN leu2 
ura3his3 
This Study 
US3836 MAT a bar1 ADH-CIN8-myc3-TRP1 leu2 his3 This Study 
US3839 MAT a,  DDC1-GFP-LEU2 his3 ura3 trp1 E.Schwob 
US3868 MAT a, bar1 kip3Δ:HIS3 mad2 ade2 leu2 ura3 trp1         This Study 
US3874 MAT a, bar1Δ kip3Δ:HIS3 ura3 leu2 trp1      This Study 
US3889 MATa, DDC1-GFP-LEU2 pGAL-
CIN8myc3/TRP1/CEN  his3 ura3 
This Study 
US3890 MAT a, mec1-1 DDC1-GFP-LEU2 his3 ura3 trp1 This Study 
US3896 MAT a, bar1 mec1-1 leu2 his3 URA3-ADH-CIN8- This Study 
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myc3-TRP1                                                  
US3906 MAT a, bar1 mec1-1 ADH-CIN8-myc3-TRP1 LEU2-
ADH-STU2 his3 ura3 
This Study 
US3907 MAT a, mec1-1 bar1 CLB2-HA3-HIS3, leu2  his3 trp1 This Study 
US3911 MAT a, bar1 mec1-1 his3 leu2 trp1 URA3-ADH-STU2    This Study 
US3947 MAT a, cdc28-1N pGAL-CIN8-myc3/TRP1/CEN, leu2 
ura3 his3 
This Study 
US3978 MAT a, bar1Δ:URA3 mad2 kip3Δ:HIS3 SCC1-myc12-
KANMX trp1 leu2 
This Study 
US4029 MAT a,  mec1-1 cdc28-as1 ura3 trp1 leu2 his3 This Study 
US4087 MAT a,mec1-1  pGAL-CDH1-TRP1-CEN uar3 leu2 
his3 
This Study 
US4122 MAT a, CIN8-HA3-HIS3 leu2 ura3 trp1 This Study 
US4123 MAT a, mec1-1 CIN8-HA3-HIS3 ura3 trp1 leu2 This Study 
US4124 MAT a, rad53-21 CIN8-HA-HIS3 ura3 leu2 trp1 This Study 
US4127 MAT a, mec1-1 Scc1-HA6-HIS3 Clb1Δ:URA3 
Clb2Δ:LEU2 GAL-CLB2::TRP1  
This Study 
US4128 MAT a, bar1 STU2-myc6-HIS3 leu2 ura3 trp1 This Study 
US4129 MAT a, bar1Δ mec1-1 STU2-myc6-HIS3 leu2 ura3trp1 This Study 
US4131 MAT a, bar1 6XGAL-RAD53-HA2::URA3 STU2-myc6-
HIS3 leu2 his3 trp1 
This Study 
US4132 MAT a, bar1Δ 6XGAL-RAD53-HA2::URA3 CIN8-HA2-
HIS3 leu2 his3 trp1 
This Study 
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US4173 MAT a, pGAL-STU2-myc-TRP1-CEN ura3 leu2 his3 This Study 
US4174 MAT a,mec1-1 pGAL-STU2-myc-TRP1-CEN ura3 leu2 
his3 
This Study 
US4673 MAT a, mad2Δ::URA3  KIP1-HA-HIS3 ura3 leu2 trp1 This Study 
US4675 MAT a, rad53-21 KIP1-HA-HIS3 ura3 leu2 trp1 This Study 
US4676 MAT a, mec1-1 KIP1-HA-HIS3 ura3 leu2 trp1 This Study 
US4677 MAT a, KIP1-HA-HIS3 leu2 ura3 trp1 This Study 
US4678  MAT a, cdc13-1, KIP-HA-HIS3, leu2 ura3 trp1 This Study 
US4687 MAT a cdc13-1, CIN8-HA-HIS3, leu2 ura3 trp1 This Study 








US4824 MAT a GAL-PDS1::TRP1, KIP1-HA-HIS3, leu2 
ura3 
This Study 
US4837 MAT a GAL-PDS1::TRP1, CIN8-HA-HIS3, leu2 
ura3 
This Study 
US4873 MAT a GAL-PDS1::TRP1, scc1-73, tetOCEN5:: 
HIS3, tetR-GFP::LEU2, ura3 
This Study 
US4875 MAT a cdc13-1, scc1-73, tetO-CEN5::HIS3, tetRGFP:: 
LEU2, ura3 
This Study 
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US4877 MAT a DELho DELhml::ADE1 DELhmr::ADE1 ade 
leu2, trp1 ura3 ade3::GAL10- 
HO 
This Study 












US5007 MATa cdc13-1 cdh1Δ:URA3 CIN8-HA3-HIS3 leu2 
trp1 
This Study 
US5134 MAT a, cdc23-1 scc1 Δ:HIS3, SCC1TEV268- 
HA3::LEU2, GAL-NLS-myc9-TEVprotease- 
NLS2::TRP1, SPC29-CFP-KAN, ura3 
This Study 
US5139 MAT a cdc13-1, pGAL-KIP1-myc/TRP/CEN, leu2 
ura3 his3 
This Study 
US5140 MAT a cdc13-1, pGAL-CIN8-myc/TRP/CEN, leu2 
ura3 his3 
This Study 
US5145 MAT a, cdc13-1 scc1 Δ:HIS3, SCC1TEV268- 
HA3::LEU2, GAL-NLS-myc9-TEVprotease- 
This Study 
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NLS2::TRP1, SPC29-CFP-KAN, ura3 
US5175 MAT a cdc13-1, HA3-CDH1-TRP1, leu2 trp1 his3 
ura3 
This Study 
US5206 MAT a, CDH1-HA-TRP1 ura3 leu2 his3  This Study 
US5205 MAT a GAL-PDS1::TRP1, HA3-CDH1-TRP1, leu2 
his3 ura3 
This Study 
US5260 MAT a cdc13-1, CDC5-HA3::URA3, leu2 trp1 his3 This Study 
US5261 MAT a cdc13-1, rad53-21, CDC5-HA3::URA3, leu2 
trp1 his3 
This Study 
US5262 MAT a GAL-PDS1::TRP1, CDC5-HA3::URA3, leu2 
his3 
This Study 
US5264 MAT a scc1-73, DELho DELhml::ADE1 
DELhmr::ADE1 ade leu2-3,112, lys5, trp1::hisG, 
ura3-52 ade3::GAL10-HO, TRP1 
This Study 
US5293 MAT a cdc13-1 cdc14-3 HA3-CDH1-TRP1, leu2, 
his3 ura3 
This Study 
US5296 MAT a cdc13-1 mec1-1 GALL-CDH1-S125A 
S259A::TRP1, leu2 his3 ura3 
This Study 
US5303 MAT a cdc13-1 cdc14-3 HA3-CDH1-
TRP1,GALcmyc3-CDC5::URA3, leu2 his3 
This Study 
US5328 MAT a cdc13-1 mec1-1 GALL-HA3-CDH1::TRP1, 
leu2 his3 ura3 
This Study 
US5672 MATa cdc13-1 scc1Δ:HIS3 scc11TEV268-HA3::LEU2 This Study 
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GAL-NLS-myc9-TEVprotease-NLS2::TRP1 TetRGFP:: 
HIS3 TetOX112:: URA3 (35kb away from the 
centromere) 
US5673 MATa cdc23-1 scc1Δ:HIS3 scc11TEV268-HA3::LEU2 
GAL-NLS-myc9-TEVprotease-NLS2::TRP1 TetRGFP:: 
HIS3, TetOX112:: URA3 (35kb away from the 
centromere) 
This Study 
US5674 MATa cdc13-1 scc1Δ:HIS3 scc1TEV268-HA3::LEU2 
GAL-NLS-myc9-TEVprotease-NLS2::TRP1 TetRGFP:: 
HIS3 TetOX112 CEN5:: URA3 (1.4kb away from 
the centromere) 
 
US5675 MATa cdc23-1 scc1Δ:HIS3 scc1TEV268-HA3::LEU2 
GAL-NLS-myc9-TEVprotease-NLS2::TRP1 TetRGFP:: 
HIS3 TetOX112 CEN5:: URA3 (1.4kb away from 
the centromere) 
This Study 
US5676 MATa cdc28-1N CDC5-HA3::URA3 leu2 trp1 his3 This Study 
US5686 MAT a, mec1-1 CDC5-HA-TRP1 uar3 leu2 his3 This Study 
US5688 MAT a, CIN8-HA-HIS3 pGAL-CDC5-myc-TRP1-CEN 
leu2 his3 
This Study 
US5705 MAT a cdc13-1 cdc14-3 HA3-CDH1-TRP1 GAL-
cmyc6-CDC5KD::URA3 leu2 his3 
This Study 
US5896 MAT a, mec1-1 cdc28as1 CIN8-HA-HIS3 ura3 leu2 This Study 
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trp1 
US5897 MAT a, mec1-1 cdc28as1 ASE1-HA-HIS3 ura3 leu2 
trp1 
This Study 
US5916 MAT a, mec1-1 pGAL-CIN8-myc-TRP1-CEN ura3 leu2 
his3 
This Study 
US5920 MAT a, mec1-1 CDH1-HA-TRP1 ura3 leu2 his3 This Study 
US5993 MATa cdc13-1 mec1-1 CIN8-HA3-HIS3 leu2 trp1 ura3 This Study 
US6139 MAT a, mec1-1 cdc28as1 KIP1-HA-HIS3 ura3 leu2 
trp1 
This Study 
US6140 MAT a, mec1-1 cdc28as1 pGAL-KIP1-myc-TRP1-CEN 
ura3 leu2 his3 
This Study 
US6141 MAT a, mec1-1 ASE1-HA-HIS3, ura3 leu2 trp1 This Study 
US6142 MAT a, mec1-1 cdc28as1 pGAL-CIN8-myc-TRP1-CEN 
ura3 leu2 his3 
 
US6173 MAT a, rad53-21 ASE1-HA-HIS3 ura3 leu2 trp1 This Study 
US6174 MAT a, rad53-21 cdc28as1 CIN8-HA-HIS3 ura3 leu2 
trp1 
This Study 
US6175 MAT a, rad53-21 cdc28as1 KIP1-HA-HIS3 ura3 leu2 
trp1 
This Study 
US6176 MAT a, rad53-21 cdc28as1 ASE1-HA-HIS3 ura3 leu2 
trp1 
This Study 
US6177 MAT a, mec1-1 pGALL-CDH1-S125A-S259A-TRP1-
CEN ura3 leu2 his3 
This Study 
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US6200 MAT a, cdh1Δ::URA3 pGAL-CIN8-myc-TRP1-CEN 
leu2 his3 
This Study 
US6201 MAT a, cdh1Δ::URA3 pGAL-KIP1-myc-TRP1-CEN 
leu3 his3 
This Study 
US6203 MAT a, cdh1Δ::URA3 CIN8-HA-HIS3 leu2 trp1 This Study 
US6241 MAT a, mec1-1 pGAL-KIP1-myc-TRP1-CEN ura3 leu3 
his3 
This Study 
US6242 MAT a, mec1-1 cdc28as1 CDH1-HA-TRP1 ura3 leu2 
his3 
This Study 
US6243 MAT a, rad53-21 cdc28as1 CDH1-HA-TRP1 ura3 leu2 
his3 
This Study 
US6244 MAT a, rad53-21 CDH1-HA-TRP1 ura3 leu2 his3 This Study 
US6281 MAT a mec1-1 cdc28as1 pGAL-cdc28Y19F-TRP1-
CEN, leu2 ura3 his3 
This Study 
US6282 MAT a mec1-1 cdc28as1 pGAL-cdc28Y19E-TRP1-
CEN, leu2 ura3 his3 
This Study 
US6301 MAT a, cdh1Δ::URA3 KIP1-HA-HIS3 leu2 trp1 This Study 
US6302 MAT a, mec1-1 cdc5Δ::URA3 pGAL-CDC5-TRP1-




2.2 Methods:  
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2.2.1 Bacterial Strains and Culture Conditions:  
For recombinant DNA cloning procedures and plasmid DNA amplification, Escherichia 
coli strains DH5α or XL1blue (Stratagene) were used as hosts. The bacteria were grown 
in 2x TY (1.6% bacto- tryptone, 1% bacto- yeast extract, 0.5% NaCl) liquid or solid 
medium with ampicillin (100μg/ml) used for positive selection pressure.  
 
Expression of yeast proteins in E.coli was carried out in the strain BL21 codon plus 
which is optimized for protein expression. 
 
2.2.2 Yeast Strains and Culture Conditions: 
All yeast strains used in this study were from the W303 (MATa/MATalpha {leu2-3,112 
trp1-1 can1-100 ura3-1 ade2-1 his3-11,15} [phi+]) background. Strains obtained from 
other labs were backcrossed to W303 background three times if they were from a 
background different from W303.  
   Yeast strains were generally grown in YEP medium (1.1% yeast extract, 2.2% peptone, 
and 50mg/L adenine) with 2% glucose or 2% raffinose and 2% galactose as carbon 
sources.  
   Strains were also sometimes grown in synthetic drop-out medium containing 6.7 gm/L 
yeast nitrogen base (Difco), 2% glucose or 2% galactose and 2% raffinose, and all 
essential amino acids and nucleotides except the ones to be selected for. Yeast cells were 
typically grown at 24oC with shaking 175 rpm for aeration. Mutants which were 
temperature sensitive were grown overnight at 24oC until the terminal phenotype was to 
be induced, whereupon the cells were shifted to their respective restrictive temperatures. 
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 2.2.3 Synchronization of Yeast Cells: 
 
2.2.3.1 G1 Phase Synchronization:  
To synchronize cells in G1 phase, MAT a cells were grown at 24oC in liquid culture till 
they reached exponential phase, after which they were diluted to an OD600 of 0.3, and 
placed in fresh medium containing 1μg/ml of α factor for bar1Δ strains or 5μg/ml α 
factor for BAR1 strains. Cells were allowed to arrest in α factor containing medium for 
about 2.5 hours for YEP-Glucose or 3 hours for YEP-Raff Gal, washed with 4X culture 
volume of YEP and released into the relevant culture conditions.  
     Strains requiring induction of proteins from GAL1-10 promoter prior to release 
from α factor arrest were arrested in α factor in YEP+ 4% Raff medium for about 2 
hours, after which galactose was added to a concentration of 2% for a further 1 hour. 
Strains which had a deletion in an essential gene were kept alive with the relevant gene 
under GAL1-10 promoter. These strains were subjected to α factor for about 2-2.5 hours 
in 2% raffinose and 2% galactose YEP medium, then glucose was added to a final 
concentration of 2% for 1 hour to shut off GAL1-10 promoter. The strain was then 
released from α factor arrest into YEPD as mentioned above. 
 
2.2.3.2 Early S Phase Synchronization:  
In some experiments, cells were required to be arrested in early S phase. For this purpose 
yeast cells grown to exponential phase, then diluted in fresh medium to OD600  0.3. 
Hydroxyurea, an inhibitor of Ribonucleotide Reductase (Rnr1) was then added to the 
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culture to a concentration of 20 mg/ml to prevent DNA replication. The cells thus arrest 
with unreplicated DNA and large buds, in about 3-3.5 hours. To release the cells from 
hydroxyurea arrest, the cells were filtered, washed with 4X volume of YEP, and released 
into the appropriate culture. 
 
2.2.3.3 G2M phase Synchronization:    
To arrest cells in G2M phase, nocodazole, a microtubule depolymerizing drug, was added 
to exponential phase OD600 cells to a final concentration of 15μg/ml. Depolymerization 
of microtubules activates the spindle checkpoint, and in about 3 hours cells arrest in G2M 
phase with 2N DNA, large buds and no spindle. To release the cells from nocodazole 
arrest, the cells were filtered, washed with 4X culture volume YEP containing 1ml of 
DMSO (to help dissolve nocodazole) in 1000 ml. 
 
2.2.3.4 Telophase Synchronization:  
Synchronization of cells in telophase was used for cdh1Δ strains which are resistant to 
α− factor arrest. Exponential cultures of cells with the cdc15-2 mutation diluted to OD600 
0.3 were placed in medium at 37oC. After about 3 hours cells arrest with 2N DNA, long 
spindles and divided DNA, but cannot undergo cytokinesis. To release the cells from 
telophase arrest, the cells were filtered and placed in fresh medium at 24oC.  
 
2.2.4 Genotype Manipulation and Verification Techniques:  
 
2.2.4.1 Transformation:  
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Yeast strains were grown overnight in 50 ml cultures and spun down at 3500 rpm (2205 
rcf) for 2 minutes in a Beckman Coulter 21R Allegra centrifuge. The harvested cells were 
washed 1X in 10 ml Li-TE ( 0.1 M lithium acetate, 10 mM Tris-HCl pH 7.5, 1mM 
EDTA) and then resuspended in 1ml of Li-TE. This suspension was placed on a roller at 
room temperature for 1 hour. 100 l of this suspension was then mixed with 10l of 
1mg/ml of salmon sperm carrier DNA, suitably purified circular plasmid/ linearized 
plasmid/ PCR product and 200μl of 70% PEG 6000. This mixture was homogenized by 
repeated pipetting, and placed on the roller for 1 hour. Thereafter, the tubes containing 
the mixture were placed in a 42oC water bath for 15 minutes; the cells were spun down in 
an Eppendorf desktop centrifuge at low speed, resuspended in 80-100 μl of distilled 
water and plated on appropriate plates for selection of transformants. 
 
2.2.4.2 Genomic DNA Extraction:  
5 ml overnight cultures were harvested by centrifugation and washed once with distilled 
water. The cells were then resuspended in 0.2 ml of SCE-lyticase-β mercaptoethanol 
solution to digest the cell wall of yeast cells. This solution is made by mixing 0.8 ml of 
SCE (1M Sorbitol, 0.1 M Na-Citrate 0.06M EDTA pH 7.0) with 0.2 ml of 10mg/ml 
lyticase and 8μl β-mecaptoethanol. 
 
    This suspension was placed at 37oC for 30-60 minutes with regular shaking. The extent 
of spheroplasting was checked by placing 1 μl of the suspension in a drop of 1% SDS and 
inspecting the cells under the microscope. Digested cells are dark blue, while intact cells 
are bright.  
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     After spheroplasting was complete, 0.2 ml of SDS solution ( 2% SDS, 0.1 M Tris-HCl 
pH 9.0 0.05 M EDTA) was added to lyse the spheroplasts, and the suspension was mixed 
by vortexing briefly. The tubes were placed in a 65oC heating block for 5 minutes, after 
which 0.2 ml of 5M KOAc was added. The tubes were placed on ice for 20 minutes. The 
mixture was then spun at high speed and ~ 0.5ml of supernatant was poured into another 
2.2 ml eppendorf tube. 0.2 M Nh4OAc and 1ml isopropanol were then added to the 
supernatant. The solution was mixed by inverting and righting the tube a few times, then 
subjected to 2 rounds of low speed centrifugation (4000 rpm for 5 min on an Eppendorf 
desktop centrifuge).  
    The supernatant was poured off, and the remaining liquid was carefully aspirated. The 
DNA pellet was then dissolved in 90μl TE.  Thereafter, 10μl of 5M Nh4OAc and 200μl 
of isopropanol were added to precipitate the genomic DNA. Low speed centrifugation 
was used to concentrate the pellet. The liquid was removed by pouring and aspiration. 
    The pellets were washed with 1 ml of 80% ethanol, the ethanol was removed by low 
speed centrifugation followed by aspiration. The resulting pellet was then dissolved in 
50-100 μl TE. 
 
2.2.4.3 Southern Blotting for Verification of Transformants:  
10μl of extracted genomic DNA was digested by the appropriate restriction enzymes in a 
100 μl reaction. This was then subjected to electrophoresis on a 1% agarose gel. The gel 
was then immersed in denaturing solution ( 0.5M NaOH and 1.5M NaCl ) for 1 hour and 
subjected to regular shaking, followed by neutralization by immersion in neutralizing 
solution ( 1M Trizma base, 1.5M HCl ).  
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     The DNA was then transferred overnight to a hybond N membrane using 20X SSC as 
transfer buffer. After the transfer was completed, the DNA was crosslinked by exposing 
the DNA-bound face of the membrane to 120,000 μJoules of UV radiation in a 
Stratalinker 2400 (Stratagene).   
      Prehybridization was carried out for 1 hour, followed by overnight hybridization at 
65oC with a suitable 32P-dATP labeled DNA probe.  The membrane was washed 3 times 
(10 mins each) with 2X SSC/ 0.1% SDS at 65oC, followed by 3 washes (10 mins each) 
with 0.1 X SSC/ 0.1% SDS at 55oC. The membrane was exposed to film at -70oC for a 
suitable length of time depending on the strength of the signal. 
 
 
2.2.4.4 Diagnostic PCR:  
As an alternative to Southern Blotting, extracted genomic DNA was used a template for 
PCR with a pair of oligos which were designed such that an amplification product would 
only be obtained from a correctly modified target genomic locus. For example, to test for 
integration of epitope tagged recombinant DNA constructs in the relevant gene, one oligo 
was placed in a sequence such as the nutritional marker present in the recombinant 
construct. The second oligo was chosen in the 5’ UTR of the gene, a sequence not present 
in the recombinant construct. Therefore, neither the recombinant construct by itself, nor 
an unmodified wild type genome could produce a PCR product; only a correctly modified 
genome would place these oligos in suitable proximity to give a diagnostic PCR product. 
 
2.2.5 Phenotype Analysis Techniques: 
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 2.2.5.1 Immunofluorescence:  
Formaldehyde was added to yeast cells from experimental cultures to a final 
concentration of 3.7%, following which cells were spun down and immediately 
suspended in 1 ml of KPF ( 0.1 M K2HPO4 and 0.1 KH2PO4 to a pH of 6.4 and 3.7 % 
formaldehyde). The samples were placed at room temperature for 1 hour or overnight at 
4oC to allow formaldehyde crosslinking of cellular components.  
     Thereafter, the sample was spun down, the liquid aspirated and the cells were washed 
3 times with 0.1 M KPhos buffer pH 6.4. The cells were then washed 1x in sorbitol 
citrate solution (1.2 M sorbitol citrate, 0.1 M K2HPO4 adjusted to pH 5.9 with citric acid). 
Finally the cells were resuspended in 200μl of sorbitol citrate solution.  
    To digest the cell wall to enable antibody diffusion into the interior of the cells, 20μl 
snail gut juice and 5 μl lyticase was added and the suspension was incubated at 30oC with 
regular inspection under the microscope. After the digestion had completed, the cells 
were spun down and washed with 1ml of sorbitol citrate to remove residual 
glusulase/lyticase and resuspended in 25-200μl of sorbitol citrate depending on the 
amount of cells. 5 μl of this sample were then applied to a glass slide with individual 
sample wells precoated with 0.1% poly-lysine. After incubation at room temperature for 
5 minutes to allow the cells to bind to the glass surface, the liquid was aspirated off and 
the slide was immersed in a methanol bath at -20oC for 6 minutes, followed by immersion 
in an acetone bath for 30 seconds. The slide was allowed to dry in air, and 5 l of 1% 
BSA in PBS was applied to each sample well for 1 minute to quench remaining poly-
lysine. The BSA was removed by aspiration. 
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    About 3-5 μl of the relevant primary antibody diluted in 1% PBS-BSA was then 
applied to each well and the slide incubated in 100% humidity (to prevent evaporation 
and drying out of the applied antibody solution) and darkness at 30oC for 2 hours or 
overnight at 4oC. 
     Each well was then washed 5X with 1% PBS-BSA and 3-5 μl of suitable secondary 
antibody conjugated to a fluorescent dye diluted in 1% PBS-BSA was added to each well. 
After incubation similar to primary antibody, the secondary antibody was removed by 
aspiration and each well washed 5X with a 1% PBS-BSA solution. 3-5 ml of Vectashield 
(Vector Laboratories Inc) mounting medium with DAPI was then added to each well, 
after which a coverslip was placed over the slide and the two sealed with nail polish. 
 
2.2.5.2 Fluorescent Protein Procedures: 
To visualize fluorescent protein tagged constructs, cells collected by centrifugation were 
snap frozen and stored until required for analysis. Cells were thawed and suspended in 
Vectashield with DAPI, and spotted onto a glass slide. 
 
2.2.5.3 Microscopy:  
Images were obtained using a Leica DMRX microscope attached to a Hamamatsu 
charge-coupled device camera controlled by Metamorph software (Universal Imaging 
Corporation).  
 
2.2.5.4 Fluorescence Activated Cell Scanning (FACS): 
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Cells were collected from liquid culture by centrifugation and suspended in 70% ethanol 
until further use. The cells were spun down and washed with PBS once, and then re-
suspended in 100μl PBS with 1mg/ml RNAse for 4 hours at 37oC. The cells were washed 
again with PBS and then incubated overnight at 4oC in 100ml PBS containing 50μg/ml 
Propidium Iodide.  
     The suspension was then diluted 10X with PBS, sonicated briefly and subjected to 
analysis in a Becton Dickinson FACScan instrument. 10000 cells were counted for each 





2.2.5.5 Protein Analysis:  
 
2.2.5.5.1 Extraction of protein by Trichloroacetic Acid (TCA):  
Samples of liquid culture were spun down, the cell pellets were snap frozen in liquid 
nitrogen and stored in -80oC till further use. These pellets were washed with stop mix 
(0.9% NaCl 1mM NaN3 10mM EDTA 50mM NaF) and resuspended in ice cold water. 
The OD600 of all samples in a given experiment were measured and equalized. The 
equalized cell suspensions were spun down and the pellets suspended in 1ml of ice cold 
water. 
    Thereafter, 150μl of cold YEX buffer (1.85 M NaOH, 7.5% β- mercaptoethanol) was 
added to each sample, the tube was vortexed to enable good mixing and the sample was 
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allowed to react for 10 minutes on ice. 150 μl of TCA (50% w/v) was then added to each 
sample, the contents vortexed and allowed to react for 10 minutes. The cells were then 
centrifuged at 4oC for 20 minutes. The supernatant was aspirated and the pellet 
resuspended in 50 μl 1X gel loading buffer and 10 μl Tris-HCl pH 8.0. The samples were 
boiled before being loaded on poly acrylamide gels for electrophoresis. 
 
2.2.5.5.2 Extraction by Mechanical Cell Lysis using Glass Beads:  
Sometimes the protein being studied is required in its native state. TCA precipitation 
denatures proteins and is therefore not suitable in such circumstances. In such a case, 
total cell contents can be released into solution for analysis by mechanically lysing the 
cell. 
     Snap frozen cell pellets were washed with stop mix (0.9% NaCl 1mM NaN3 10mM 
EDTA 50mM NaF ). 200 ml ice cold lysis buffer (1% Trition X-100, 1% sodium 
deoxycholate, 0.1 % SDS, 50 mM Tris- HCl (pH 7.2), with protease inhibitors 1 mM 
PMSF,20 μg/ml leupeptin, 40 μg/ml aprotinin, 0.1 mM Na- orthovanadate, 15 mM 
pnitrophenylphosphate) was added to the cell pellet along with 150-200μl of glass beads. 
The whole mixture was then subjected to vigorous vortexing at 4oC (IKA Virax Shaker). 
This was followed by high speed centrifugation to precipitate cell debris and glass beads, 
and the supernatant was transferred to another tube, avoiding insoluble turbidity floating 
on top. This procedure was repeated to obtain a pure cell extract which contains cellular 
protein in native form. The concentration of protein in total cell extract may be 
determined by Bradford Assay. 
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2.2.5.5.3 Immunoprecipitation of Protein: 
About 1 mg (depending on expected concentration of protein of interest) of total cell 
protein was mixed with 20-30 μl of relevant antibody conjugated beads. The volume was 
made up to 1 ml with lysis buffer supplemented with protease inhibitors. The mixture 
was placed in a roller at 4oC for 3-4 hours.  
     The beads were then precipitated by low speed centrifugation and the supernatant was 
removed by means of a pipette. The bead pellet was washed 4-6 X with RIPA buffer (1% 
Trition X- 100, 1% Na-deoxycholate, 0.1% SDS, 150 mM NaCl, and 50 mM Tris- HCl 
pH 7.2 ). Finally 10-25 μl of 1X gel loading buffer was added to the beads to denature the 
antibody and release the immunoprecipitated protein into solution. The sample was 
boiled before being subjected to PAGE. 
2.2.5.5.4 Western Blotting:  
Protein solutions from either TCA treatment of cells or whole cell extract by mechanical 
lysis using glass beads, or immunoprecipitated protein, was suspended in an appropriate 
amount of 1X gel loading buffer, suspended in boiling temperature water for 3 minutes 
and loaded into the wells of a polyacrylamide gel. Electrophoresis was carried out at 
constant current of about 30mA. After the protein solution was sufficiently resolved, 
electrophoresis was stopped, and the gel was placed in a protein transfer apparatus. The 
resolved protein was transferred onto a Hybond C nylon membrane at 4oC at a voltage of 
100 V for 1 hour.  
      After confirming that satisfactory transfer had occurred using Ponceau staining, the 
Hybond C membrane was suspended in a 5% PBS-milk solution with regular shaking for 
1 hour to block unbound protein binding sites on the membrane. The membrane was then 
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placed in a 50 ml Falcon tube and 5 ml of 1:1000 primary antibody to 5% PBS-milk 
solution was added. The tube was placed on a roller overnight at 4oC. 
     The next morning, the membrane was washed 3X with 50 ml of 0.1% PBS-Tween20, 
and then suspended in a 1:5000 solution of appropriate secondary antibody-HRP 
conjugate in a 5%PBS-milk solution, on a roller for 1 hour. The membrane was washed 
again 3X with 50 ml 0.1% PBS-Tween20, once with 50 ml PBS, and then exposed to 5-6 
ml of appropriate chemiluminescent solution such as Santa Cruz Biotechnologies 
Luminol for the prescribed time.  
     The blot was then exposed to Amersham Hyperfilm for a suitable time, and then 
developed in a Kodak X-OMAT 2000 Processor. 
 
2.2.5.5.5 Two-Dimensional Gel Electrophoresis: 
Total cell extract was prepared from cell pellets by mechanical lysis using glass beads. 
Total protein concentration was estimated by the Bradford Assay. Approximately 50 μg      
of total protein was mixed with 0.5 μl TCEP [Tris- (2- carboxyethyl) phosphine], 0.6 μl 
IPG buffer suitable for 3-10 Non-Linear 1D 7 cm strips and sample buffer (8 M Urea, 2% 
CHAPS [3-([3-Cholamidopropyl]dimethylammonio)-1-propanesulfonate] to a final 
volume of 125 μl, with bromophenol blue for tracking the resolution of proteins. 
     The solution was loaded onto a Immobiline Drystrip (7cm [pH 3-10NL], Amersham) 
and resolved overnight in a Bio-Rad IPGphor system. Mineral oil was loaded on top of 
the strip to prevent evaporation of the buffer. The protocol starts with rehydration for 
13.5 hours at 30V, followed by an isoelectric focusing protocol of 500V for 45 minutes, 
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1000V for 45 minutes, and a final step of 8000V for 90 minutes. The total current was 
given a ceiling of 50μA.  
    The next morning the strip was rinsed with water to remove the mineral oil, and 
suspended for 10 minutes in 5 ml of equilibration buffer (50 mM Tris HCl [pH8.8], 6 M 
Urea, 30% Glycerol, 2% SDS and trace bromophenol blue) with 10mg/ml of 
dithiothreitol (DTT). The strip was again rinsed with water and equilibrated for 10 
minutes in 5 ml of equilibration buffer containing 25mg/ml iodoacetamide.  
     The strip was then carefully placed on top of a pre-cast running acrylamide gel, with 
care being taken to remove any air bubbles at the interface. A small piece of filter paper 
soaked with a PAGE ladder was placed next to the strip on top of the running gel. The 
system was sealed by pouring molten 0.5% agarose with trace amounts of bromophenol 
blue onto the running gel. The gel was then subjected to a normal PAGE, blotted onto a 
Hybond C nylon membrane and processed as described for western blotting above. 
 
2.2.5.5.6 Pulse Chase Assay:  
The protein to be subjected to a pulse-chase assay was usually placed under the inducible 
GAL1-10 promoter. Cells were grown overnight in YEP-Raff medium and arrested in 
YEP-Raff medium the next day at the appropriate cell-cycle stage (e.g. G1 or S phase). 
While the cells continue to remain arrested in the relevant cell-cycle stage, galactose was 
added to a final concentration of 2% and the protein was allowed to be expressed for 1 
hour.  
      After sufficient induction of a pulse of the protein of interest, the cells were released 
from the arrest into a YEPD medium at the appropriate temperature to shut-off GAL1-10 
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promoter, and 2ml samples were collected at regular intervals to ascertain the fate of the 
pulse of expressed protein. The samples were typically subjected to a TCA extraction 
followed by western blotting and densitometric analysis (Bio-Rad) to determine whether 
the pulse was stable or was degraded. 
 
2.2.6 Recombinant Protein Expression and Purification: 
E.coli BL21 Codon Plus (Stratagene) cells transformed with a plasmid carrying the 
required recombinant ORF under the control of an inducible promoter were grown 
overnight at 37oC. The culture was then diluted into fresh 2 × TY medium (1.6% bacto- 
tryptone, 1% bacto- yeast extract,0.5% NaCl) at OD600 0.3 with 100 μg/ml ampicillin and 
100 μg/ml chloramphenicol added to maintain selection pressure.  
 
IPTG was added to a final concentration of 100μg/ml when the OD600 of the cells 
reached 0.6. The culture was allowed to express the recombinant protein for 3 hours, the 
cells were then centrifuged at 5,500 rpm for 10 minutes; the cell pellets were snap frozen 
in liquid nitrogen and stored at -80oC. Before further processing, additional samples were 
analyzed by SDS PAGE and stained with Coomassie Brilliant Blue to verify successful 
induction of recombinant protein. 
     The cell pellets stored at -80oC were then resuspended in washing buffer (20 mM 
TrisHCl, 0.2 M NaCl, 1 mM EDTA, 10 mM β-ME and 1 mM NaN3) supplemented 
with protease inhibitors (Roche). The cell suspension was placed in an ice-water bath 
and sonicated for short bursts (3 rounds of sonication for 20 seconds separated by 20 
seconds of cooling in the ice-water bath). Cell lysis was confirmed under the microscope 
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before centrifugation at 10,000 rpm for 20 minutes. The supernatant was transferred to 
another tube and purified by affinity chromatography against the relevant tag, and eluted 
by proteolytic cleavage by factor Xa or addition of free affinity binding substrate. 
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  Chapter 3 Direct Regulation of Spindle Dynamics by DNA Replication Checkpoint 
(The work presented in this chapter was conducted in collaboration with postdoctoral 
fellow Dr. Vaidehi Krishnan). 
 
3.1 INTRODUCTION: 
Genomes, carrying biological information, have been figuratively compared to the binary 
code used to store information in computers. However, the genome is a chemical entity 
that is susceptible to environmental factors such as reactive chemical species or high 
energy radiation, which can alter the information encoded by the genome. To counter the 
damage inflicted by these agents, eukaryotic cells have evolved signal transduction 
pathways known as checkpoints which monitor genomic integrity, activate downstream 
pathways to repair damage, and inhibit cell cycle progression until the lesions are 
repaired ( Hartwell and Weinert, 1989; Nyberg et al., 2002). 
During S phase, checkpoint surveillance mechanisms are primarily concerned with 
progression of replication forks and their stability. DNA damaging agents which 
physically obstruct fork progression [such as methyl methane sulphonate (MMS), which 
forms bulky adducts with DNA] activate the intra-S checkpoint (Melo and Toczyski, 
2002), whereas fork stalling due to depletion of the nucleotide pool, (as a result of 
treatment with ribonucleotide reductase inhibitor hydroxyurea, for instance) activates the 
DNA replication checkpoint (Osborn et al., 2002). The activated checkpoint then up-
regulates transcription of repair genes, stabilizes the replication fork, and halts cell cycle 
progression (Branzei and Foiani, 2006). 
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In mammalian cells, sensor kinases ATM and ATR detect and respond to lesions in 
the genome. ATM is thought to be primarily activated by double stranded breaks (DSBs), 
while ATR is involved in both DSB and stalled fork responses (Abraham, 2001; Cann 
and Higg, 2007). The major pathway by which mammalian cells prevent cell cycle 
progression in response to stalled replication forks is Cdc25 inhibition (Boutros et al., 
2006). Cdc25 is an essential phosphatase which reverses inhibitory phosphorylation of 
Cyclin Dependent Kinase (CDK) and is required for entry into mitosis (Rudolph, 2007).  
For instance, when stalled replication fork is detected, ATR activates effector kinase 
Chk1 to phosphorylate and inhibit Cdc25C (Abraham, 2001), thereby maintaining CDK 
phosphorylation and halting cell cycle progression. However, Brown and Baltimore 
(2003) have reported that ATRΔ/-  as well as ATM-/- ATRΔ/- cells  are still able to prevent 
representative mitotic events like chromosome condensation and histone H3 
phosphorylation, suggesting that other mechanisms may be acting to prevent mitotic 
entry in mammalian cells.  
In fission yeast S. pombe, Rad3, a homologue of ATR, is responsible for sensing 
replication fork stalling (Jimenez et al., 1992; Bentley et al., 1996). Acting through the 
effector kinase Cds1 (homologous to Chk2 in mammalian cells), an activated checkpoint 
inhibits Cdc25 phosphatase (equivalent to mammalian Cdc25) and therefore promotes the 
inhibitory phosphorylation of Cdc2 (S. pombe CDK1) on Tyrosine 15, resulting in 
inhibition of cell cycle (Zeng et al., 1998). Conversely, over-expression of Cdc25 or 
expression of Cdc2Y15F (which cannot be phosphorylated, and is therefore constitutively 
active) allows cells to override cell cycle arrest (Enoch and Nurse 1990; Rhind and 
Russell, 1998); consequently cells enter mitosis, assemble a spindle and undergo 
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premature cytokinesis without nuclear division.  This behavior is described as the “cut 
(Cells Untimely Torn)” phenotype. 
In the budding yeast S. cerevisiae stalled replication fork is sensed by the Mec1 
kinase (homologous to ATR and Rad3), which in turn phosphorylates and activates 
Rad53 (Sanchez et al., 1996; Weinert et al., 1994). Hydroxyurea treatment causes wild 
type yeast cells to arrest in early S phase with a short spindle and an undivided, largely 
haploid nucleus. On the other hand, checkpoint mutants such as mec1-1 or rad53-21 
prematurely elongate their spindles and divide their haploid nuclei. This event has been 
interpreted as an untimely anaphase, owing to the checkpoint mutants’ inability to 
restrain cell cycle progression (Osborn et al., 2002). 
Based on the broadly similar mechanisms for controlling cell cycle progression in 
response to stalled forks in mammalian systems and S. pombe, it has been commonly 
assumed that the same pathway is activated in S. cerevisiae. However, expression of a 
constitutively active allele of Cdc28 (cdc28Y19F, in which tyrosine 19 has been replaced 
by phenylalanine) does not abrogate cell cycle arrest in budding yeast cells experiencing 
a replication block (Sorger and Murray, 1992; Amon et al., 1992). Instead, it has been 
proposed that Cdc20, a substrate specificity factor for the APC, may be a target of the 
replication checkpoint (Clarke et al., 2003). Nevertheless, untimely spindle extension and 
precocious segregation of largely unreplicated chromosmes in checkpoint-deficient cells 
is widely considered a result of premature entry into mitosis.  
In this chapter, we test this notion and explore the mechanism responsible for 
untimely elongation of the spindle in checkpoint deficient cells.  
 




3.2 Checkpoint Mutants Elongate Spindle and Divide Nucleus in the Absence of 
Representative Mitotic Events: 
 
Chromosome segregation during metaphase to anaphase transition is a central hallmark 
of mitosis. This event is triggered by the cleavage of chromatin bound Cohesin by 
Separase Esp1 (Ciosk et al., 1998). Just prior to this, Esp1 is released from Pds1 mediated 
inhibition by the APC (Anaphase Promoting Complex) and its co-factor Cdc20, which 
ubiquitylates and degrades Pds1 (Lim et al., 1998).  If premature spindle elongation and 
nuclear division seen in checkpoint mutants with stalled replication forks were a 
consequence of untimely mitosis, Cohesin cleavage and APC activity would be expected 
to accompany these events.  
To this end, Cohesin Scc1 construct tagged with 18 copies of the c-myc epitope at its 
C terminus (despite the large number of myc epitopes, this construct is functional; see 
Hornig and Uhlmann, 2004 for cleavage in unperturbed cells)  was integrated into both 
wild-type (WT) and mec1-1 cells, both strains were synchronized in G1 phase by α-
factor treatment, and then released into YEPD medium containing 20 mg/ml hydroxyurea 
(HU) at 24oC. The Scc1 cleavage was assayed using Western blotting. As seen in Figure 
8A, both strains arrest with large buds. The wild type cells arrested with short spindles 
and undivided nuclei, while the mec1-1 mutants elongated their spindles and divided the 
nuclei. Spindle elongation in mec1-1 cells was delayed about 70 minutes as compared to 
cells not subjected to HU arrest. Both the WT and mec1-1 cells did not show any Scc1 
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cleavage, implying that spindle elongation and premature segregation in mec1-1is not 
dependent on Cohesin cleavage. 
APC activity is also an important requirement for progression through mitosis. To 
assess the role of the APC in premature spindle elongation in mec1-1, we introduced a 
cdc23-1 mutation in the mec1-1 mutant. Cdc23 is an indispensable component of the 
APC (Sikorski et al., 1993); the temperature sensitive (ts) cdc23-1 mutation renders the 
APC inactive at 37oC (Irniger et al., 1995) and causes cells to arrest at metaphase.  mec1-
1 and cdc23-1 mec1-1 cells were synchronized with α-factor treatment and released at 
37oC into YEPD medium containing HU (20 mg/ml) As seen in Figure 8B, inactivation 
of the APC has no observable effect on the dynamics or spindle elongation and nuclear 
division in mec1-1 cells. Therefore, we conclude that APC activity is not required for 
precocious spindle elongation and consequent nuclear division. 
During normal mitosis, bipolar attachment of the duplicated chromosomes to the 
mitotic spindle is necessary for proper segregation of the sister chromatids (Tanaka, 
2002).  We inquired whether largely un-replicated chromosomes in mec1-1 cells attain 
bipolar orientation when arrested in early S phase by HU treatment. To investigate this, 
we used the TetO/TetR-GFP system developed by Michaelis et al. (1997) to visualize 
separation of centromeric (CEN) region of Chromosome V in mec1-1 cells. This system 
allows GFP-tagged Tet-repressor to bind to the CEN V region such that location of CEN 
V can be visualized as a bright GFP spot. Upon bi-orientation, the spindle exerts pole-
ward pull on the sister-kinetochores causing the duplicated CEN region to move slightly 
apart. This separation, seen as two GFP spots, indicates bipolar orientation.  mec1-1 cells 
carrying the TetO/TetR-GFP system were synchronized in G1 and then released into HU-
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containing medium.  At 3 hrs after HU treatment, all cells were arrested in early S phase 
and had extended their spindle. However, an overwhelming majority (98%) of cells 
displayed only one GFP spot (Figure 8C), implying that most of the mec1-1 cells did not 
attain bipolar orientation (as gleaned from visualizing CEN V region) under these 
experimental conditions. 
Taken together, the above experiments suggest that aberrant spindle extension and 
nuclear division in mec1-1 mutants are independent of crucial mitotic events such as 
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Figure 8. Premature extension of spindle in HU arrested mec1-1 cells is not accompanied 
by Scc1 cleavage, and does not require APC activity or bipolar attachment. (A)  Wild-
type (US3335) and mec1-1 (US3499) cells with Scc1 tagged with a myc18 epitope at its 
endogenous locus were synchronized in G1 phase by α-factor treatment and subsequently 
released into YEPD medium containing 20mg/ml hydroxyurea. Scc1-myc18 cleavage was 
investigated by Western blotting. Wild-type (US1363) and mec1-1(US3138) cells were 
released from G1 arrest into YEPD medium without HU served as controls. The spindle 
lengths for all four cases are shown in the graph. (B)  mec1-1 (US3138) and mec1-1 
cdc23-1 (US3248) cells were released from G1 arrest into YEPD medium containing 
20mg/ml HU at 34oC (restrictive temperature for cdc23-1). Samples were collected at 
regular intervals and budding index and nuclear division were scored. (C) Wild-type 
(US3329) and mec1-1 (US3458) cells carrying  CEN V tagged with GFP (TetO/TetR-
GFP system) were synchronized in G1 and released into YEPD medium containing 
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3.3 Mitotic Entry is Dispensable for Premature Spindle Elongation and Nuclear 
Division in mec1-1: 
 
Since spindle elongation and chromosomes segregation in mec1-1 cells do not require 
mitosis specific events such as Cohesin cleavage or activation of APCCdc20, we asked if 
entry into M phase is at all required for manifestation of their aberrant behavior.  To test 
this possibility, we constructed a mec1-1 clb1Δ clb2Δ triple mutant kept alive by a CEN 
plasmid harboring GAL-CLB2. Clb1 and Clb2 are the mitotic Cyclins in budding yeast 
and are necessary for mitotic entry (Surana et al., 1991). Cells simultaneously deficient in 
both Cyclins arrest in G2/M with short spindles and undivided nuclei (Figure 9A, upper 
row of panels). mec1-1 and mec1-1 clb1Δ clb2Δ GAL-CLB2 strains grown overnight in 
Raff-Gal medium were synchronized in G1 with α factor treatment, re-suspended in 
YEPD medium containing α factor to shut off GAL-CLB2 transcription, and then released 
from G1 arrest into YEPD medium containing HU. Samples were collected at regular 
intervals and processed for immunofluorescence, FACS and Western blotting. Both 
mec1-1 and mec1-1 clb1Δclb2Δ cells extended their spindles and divided the nuclei, 
(Figure 9A) suggesting that onset of mitosis is not a strict prerequisite for spindle 
elongation and nuclear division in mec1-1 cells. It should be noted that the extent of 
spindle elongation (spindle length) and the percentage of cells which show elongated 
spindles was lower in the mec1-1 clb1Δclb2Δ mutant as compared to mec1-1 cells. While 
about 90 percent of mec1-1 cells had elongated spindles (defined as having a pole-to-pole 
distance greater than 4 µm) 6 hours after release from G1 arrest, only a third of mec1-1 
clb1Δ clb2Δ cells had done so (Figure 9A, fourth panel), while the rest arrested with short 
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spindles (2-4 µm). This result suggests that premature spindle elongation and nuclear 
division in checkpoint mutants is perhaps not a consequence of mitotic entry, although 
Clb1 and Clb2 levels have an impact on the extent of spindle elongation. As in case of 
mec1-1 (Figure 8A), no Scc1 cleavage was observed in the triple mutant (Figure 9A, 
bottom panels).    
Results from replication checkpoint studies in S. pombe have shown that cdc2 is 
phosphorylated at Y15 in response to checkpoint activation, and that substitution of this 
residue with phenylalanine (which mimics a constitutively unphosphorylated tyrosine) 
abrogates some aspects of checkpoint control (Rhind and Russell, 1998). We investigated 
the phosphorylation status of the corresponding tyrosine residue in Cdc28 (Y19) in 
budding yeast. To do this, the wild type and mec1-1 cells carrying endogenous Clb2 
tagged with the HA epitope were arrested in early S phase by HU treatment, Clb2- Cdc28 
complex was immunoprecipitated using anti-HA antibodies and analyzed by Western 
blotting using anti-phosphotyrosine antibody to determine Y19 phosphorylation status. 
Wild type cells show a significantly greater degree of Y19 phosphorylation as compared 
to mec1-1 cells (Figure 9B). Kinase activity of the Clb2-Cdc28 complexes assayed using 
histone H1 as substrate showed that mec1-1 has about 1.8 fold greater kinase activity as 
compared to wild type cells (Figure 9B). However, it has been previously shown that 
unlike fission yeast, expression of constitutively active allele cdc28Y19F does not 
abrogate replication checkpoint imposed arrest in budding yeast (Sorger and Murray 
1992; Amon et al., 1992). These results strongly suggest that while Cdc28 does 
experience phosphorylation on Y19 in response to checkpoint activation, it is not the sole 
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Figure 9. Precocious Spindle Elongation in mec1-1 cells is not strictly dependent on Clb1 
and Clb2-Cdc28 Activity (A)  Log-phase mec1-1 (US3138) and mec1-1 clb1Δ clb2Δ 
GAL-CLB2 (US3377) cells were first arrested for 2 hours in G1 phase by α-factor 
treatment in YEP + Raff + Gal medium. Cells were then filtered and transferred to YEPD 
medium containing α-factor for 1 hour to shut off CLB2 transcription and then released 
from G1 arrest into YEPD medium containing HU (20mg/ml). Samples were collected at 
regular intervals and processed for immunofluorescence and FACS. As a control, clb1Δ 
clb2Δ GAL-CLB2 (US243) cells were treated in a similar manner except that they were 
released into YEPD medium without HU (uppermost panel). In a parallel experiment,  
mec1-1 clb1Δ clb2Δ GAL-CLB2 (US4127) expressing HA-Scc1 cells were treated as 
described above and Scc1 cleavage was monitored by western blotting (lowermost panel) 
(B) Wild-type and mec1-1 cells carrying HA-tagged endogenous Clb2 were released 
from G1 synchrony into YEPD medium with HU at 24oC. Samples were collected at 
indicated times after release, and Clb2-Cdc28 complexes were immunoprecipitated from 
whole-cell extract using anti-HA agarose beads. Status of Y19 phosphorylation was 
determined using anti-phosphotyrosine antibody (upper panel) and Clb2-Cdc28 kinase 
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3.4 Upregulation of Microtubule Associated Proteins Cin8 and Stu2 in Checkpoint 
Deficient Cells:   
 
The results described in the preceding sections indicate that chromosome segregation is 
not a consequence of premature entry into mitotic entry in mec1-1 cells and is not acutely 
dependent on events typically associated with normal mitosis, or more accurately, normal 
chromosome segregation such as Cohesin cleavage, APC activity or bipolar orientation. 
One possibility is that the checkpoint may directly regulate the proteins responsible for 
modulating spindle behavior. Loss of this regulation could be especially catastrophic in 
early S phase, given the absence of sister chromatid cohesion to resist spindle elongation. 
To investigate whether microtubule associated proteins are subjected to direct regulation 
by the replication checkpoint, we first assayed the endogenous levels of Cin8 and Stu2 in 
WT and mec1-1 cells released into HU arrest. Cin8 is the major plus-end motor protein in 
budding yeast, and is responsible for pushing the two spindle pole bodies apart during 
spindle elongation (Hoyt et al., 1992). Stu2 is an important microtubule associated 
protein responsible for stabilizing the spindle (Severin et al., 2001).  
Wild-type and mec1-1 strains carrying HA or c-myc tagged Cin8 and Stu2 either at 
their native loci or on CEN plasmids were synchronized in G1 phase by α-factor 
treatment and then released into YEPD medium containing 20 mg/ml HU for 240 
minutes.  Samples were collected at regular intervals and processed for Western blotting 
to assay levels of Cin8 and Stu2. Both Cin8 and Stu2 are expressed at 2-5 fold higher 
levels in the checkpoint deficient mec1-1 strain as compared to the wild type (Figure 10A 
and appendix II, Figure 1). It should be noted that for unknown reasons plasmid borne 
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Cin8 and Stu2 showed a greater degree of upregulation compared to the endogenously 
tagged versions. 
    In general, the abundance of a protein can be regulated either at a transcriptional level 
or post-translationally by degradation. We investigated whether the upregulation of Cin8 
in the checkpoint deficient mec1-1 strain is a consequence of increased stability or 
transcriptional up-regulation. A pulse-chase assay was used to estimate the stability of 
Cin8 in wild-type and mec1-1 cells. Cells carrying epitope tagged Cin8 on CEN plasmids 
under the control of GAL promoter were released from G1 arrest in YEP-Raff medium 
into YEP-Raff Gal containing HU for 120 minutes to induce Cin8 expression. Thereafter, 
cells were filtered and released into YEPD + HU medium to shut-off transcription from 
the GAL promoter and samples were collected at 20 minute intervals for 120 minutes to 
follow the fate of the respective Cin8 pulse. 
As shown in Figure 10B, while Cin8 underwent substantial degradation in the wild-
type strain, it was relatively stable in mec1-1. These results suggest that activated 
replication checkpoint regulates spindle dynamics by destabilizing spindle elongation 
factors. 
To determine whether transcriptional regulation may also account for increased Cin8 
and Stu2 levels in mec1-1, we used Northern blotting to assay the abundance of Cin8 and 
Stu2 transcripts in wild-type and mec1-1 cells released from G1 arrest into HU containing 
medium. We were unable to detect Cin8 transcripts, likely due to a very low abundance. 
However, Stu2 transcripts show a 2 fold increase in mec1-1 cells compared to wild-type 
(Figure 10C),  suggesting that the replication checkpoint controls Cin8 and Stu2 levels by 
regulating both their transcription as well as post-translational stability of these proteins.   
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Figure 10. Status of microtubule associated proteins Cin8 and Stu2 in checkpoint-
deficient and proficient strains. (A) Wild-type and mec1-1 cells with epitope tagged Cin8 
on CEN plasmids (US3273 and US3266 respectively) or at native chromosomal loci 
(US4122 and US4123 respectively) were released from G1 arrest at 24oC into YEPD 
medium containing HU (20 mg/ml).Wild-type and mec1-1 strains with epitope tagged 
Stu2 on a CEN plasmid or at its native locus were treated similarly (US3493, US3494, 
US4128 and US4129 respectively). Samples were collected at regular intervals and 
Cin8/Stu2 levels were estimated by Western blotting. (B) Wild-type and mec1-1 cells 
carrying GAL-CIN8-myc3 (US3663 and US3666 respectively) were synchronized in G1 
phase in YEP + Raff medium followed by release into 20mg/ml HU containing YEP + 
Raff + Gal medium at 24oC to induce Cin8 expression. After 120 min, cells were filtered 
and resuspended into HU containing YEPD medium at 24oC to shut-off Cin8 expression. 
The fate of the Cin8 pulse was monitored by Western blotting. (C)  G1 synchronized 
wild-type (US1363) and mec1-1 (US3138) cells were released into HU containing YEPD 
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3.5 Ectopic Expression of Cin8 Causes mec1-1 like Phenotype in Wild Type Cells: 
 
The experiments described in the preceding sections suggest that premature spindle 
elongation and chromosome segregation in checkpoint deficient cells is a consequence of 
the loss of regulation of microtubule associated proteins like Cin8 and Stu2. If so, then 
overexpression of Cin8 or Stu2 would be expected to cause untimely spindle extension in 
checkpoint-proficient cells. To test this possibility, wild type cells carrying GAL-CIN8-
myc3 on a CEN plasmid were synchronized in G1 using α-factor in YEP-Raff medium. 
Galactose was added for 30 minutes while the cells were still arrested in G1. Cells were 
released from G1 arrest into YEP-Raff Gal medium containing HU. Wild type and mec1-
1 strains not carrying GAL-CIN8-myc3 were treated in an identical manner to serve as 
controls. As seen in Figure 11A (top left panels), ectopic expression of Cin8 from the 
GAL1-10 promoter (used throughout this work) causes precocious spindle elongation in 
wild type cells. However, the percentage of cells experiencing spindle elongation and 
nuclear division due to Cin8 overexpression is lower than that seen in mec1-1 control 
cells (Figure 11A, lower left graph). This may be because other factors involved in 
spindle elongation such as Stu2 continue to be regulated by the replication checkpoint. 
Hence these results are consistent with our conclusion that deregulation of microtubules 
bindings proteins in the absence of checkpoint control may be responsible for untimely 
spindle extension. 
     While Cin8 overexpressing cells clearly lose viability over time as compared to wild 
type, the drop in viability is not as severe as that seen in mec1-1 cells (Figure 11A). This 
is most likely due to the fact that, in addition to prematurely segregating their haploid 
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nuclei, mec1-1 cells suffer a rapid and irreversible collapse of replication forks when 
exposed to HU (Cha and Kleckner, 2002), while the same does not occur in wild type 
cells overexpressing Cin8. Confirming this explanation, ectopic overexpression of Cin8 
does not lead to the formation of Ddc1-GFP foci (Figure 11B). Ddc1 is known to localize 
to the sites of replication fork collapse and DNA damage (Melo et al., 2001). On the 
other hand, mec1-1 cells, which are unable to stabilize their replication forks, and suffer 
extensive fork collapse, show Ddc1-GFP foci formation.  
Cin8 overexpression-induced spindle elongation appears to be specific to cells 
arresting in response to the activation of replication checkpoint since ectopic expression 
of Cin8 does not cause spindle elongation in cdc13-1 or cdc28-1N cells (Figure 11C). 
Both these strains arrest in G2M with 2N DNA with Cohesin encircling the sister 
chromatids. This likely provides a force to counter the pole-ward pull exerted by 
ectopically expressed Cin8. This result illustrates the role played by the lack of bi-
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Figure 11. Ectopic overexpression of Cin8 causes spindle elongation in wild-type cells 
arrested in early-S phase but not G2M. (A) Wild-type (US1363), mec1-1 (US3138) and 
wild-type cells carrying GAL-CIN8-myc3 on a CEN plasmid (US3663) were arrested in 
G1 by α-factor treatment for 150 minutes. Galactose was added for another 30 minutes to 
induce Cin8 expression and all three strains were subsequently released into YEP + Raff 
+ Gal medium. (B) Wild-type (US3839), mec1-1 (US3890) and wild-type cells carrying 
GAL-CIN8-myc3 on a CEN plasmid (US3889), all expressing Ddc1-GFP from the native 
locus were treated as described in (A). (C) cdc13-1 and cdc28-1N strains carrying GAL-
Cin8-myc on a CEN plasmid (US5140 and US3947 respectively)were arrested in G1 with 
α-factor treatment in YEP + Raff medium. The cultures were split into two halves and 
cells were released into either YEP + Raff + Gal or YEPD medium at 31oC or 37oC 
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3.6 Downregulation of Cin8 and Stu2 in mec1-1 Restrains Spindle Elongation: 
 
A direct prediction of our hypothesis that replication checkpoint directly regulates Cin8 
and Stu2 levels would be that artificial downregulation of the activities of these proteins 
should counter the tendency of checkpoint mutants such as mec1-1 to prematurely 
elongate their spindles. As Cin8 is a non-essential gene, we deleted Cin8 in a mec1-1 
background. Since Stu2 is essential, we used a stu2-10 mutant which is temperature 
sensitive at 37oC and is unable to elongate its spindle (Severin et al., 2001). As shown in 
Figure 12A, when mec1-1 is combined with cin8Δ, a modest reduction is observed in the 
percentage of cells experiencing nuclear division in the presence of HU (60% as opposed 
to >90% for mec1-1 cells). Similarly, when mec1-1 stu2-10 cells are released into HU 
containing medium from G1 arrest at a semipermissive temperature (30oC), a slight delay 
is seen the dynamics of premature nuclear division. However, when mec1-1 cin8Δ stu2-
10 triple mutant cells were released from G1 arrest into HU medium at 30oC, a dramatic 
reduction (60% lower) in premature nuclear division is seen (Figure 12A). 
Our previous results had indicated that replication checkpoint also regulates 
transcription of Stu2 to some extent and suggested that this may play some role in 
premature spindle elongation in checkpoint deficient cells.  To address this issue further, 
the native promoters of CIN8 and STU2 were replaced by constitutive and moderate 
ADH2 promoter (as opposed to strong GAL promoter) in mec1-1 cells. While ADH2-CIN8 
and ADH2-STU2 singly did not cause any significant change in the percentage of mec1-1 
cells showing elongated spindles in HU arrest (data not shown), mec1-1 ADH2-CIN8 
ADH2-STU2 shows significantly lowered spindle elongation and nuclear division (Figure 
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12B). Some of these cells show abnormally short spindles. To alleviate the concern that 
these cells may be defective in assembly of a bipolar spindle, they were analyzed by 
immunofluorescence staining using anti-Tub4 antibodies (Tub4 is a component of the 
spindle pole bodies). As shown in the inset in Figure 12B, bipolar spindles do form in 
mec1-1 ADH2-CIN8 ADH2-STU2 cells. Moreover, these cells progress normally through 
cell cycle in the absence of HU. It is noteworthy that replacement of the native promoters 
of Cin8 and Stu2 does not lower the sensitivity of mec1-1 cells to HU (Figure 12B). This 
is due to the rapid collapse of replication forks in checkpoint deficient cells experiencing 
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Figure 12. Prevention of spindle extension in mec1-1 cells by downregulation of Cin8 
and Stu2. (A)  mec1-1 (US3138), mec1-1 cin8Δ (US3641), mec1-1 stu2-10 (US3639) and 
mec1-1 cin8Δ stu2-10 (US3697) cells were released from G1 arrest into YEPD medium 
containing HU (20 mg/ml) at 30oC. Samples were collected at regular intervals and 
analyzed for budding index, nuclear division and spindle elongation. (B) mec1-1 
(US3138) and mec1-1 ADH2-CIN8-myc3 ADH2-STU2 (US3906) cells were released 
from G1 arrest into YEPD medium containing HU (20 mg/ml) at 24oC. The inset shows 
spindle pole bodies (SPBs) as visualized by immunofluorescence staining using anti-
Tub4 antibodies. Viability of these strains was tested by streaking them on a YEPD plate 
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3.7 Role of Elongation-opposing Factors in Restricting Spindle Extension During 
Checkpoint Arrest: 
 
Spindle dynamics are not just modulated by proteins such as Cin8 and Stu2 which 
promote spindle elongation, it is also influenced by molecules which oppose spindle 
elongation, such as minus end proteins (e.g. Kar3) and microtubule destabilizing proteins 
such as Kip3 (which counters the stabilizing effect exerted by Stu2) (Saunders et al., 
1997; DeZwaan et al., 1997). Severin et al (2001) have reported that spindle elongation in 
stu2-10 temperature sensitive cells is restored by combining deficiency of Kip3 and 
Mad2 (a component of the spindle checkpoint). Based on this result, we wondered 
whether the kip3Δ mad2-1 double mutant, though checkpoint proficient, would undergo 
spindle elongation when arrested in early S phase by HU treatment. As shown in Figure 
13A, while kip3Δ or mad2-1 mutation alone has little effect on spindle regulation when 
released from G1 arrest into HU containing medium, kip3Δ  mad2-1 cells were indeed 
unable to restrain spindle elongation. These cells were also substantially sensitive to HU, 
although not to the same degree as mec1-1 cells. 
Since Mad2 is a component of spindle-assembly checkpoint which prevents onset of 
anaphase, it is possible that mad2-1 mutation enables cells to prematurely trigger 
anaphase.  To test this possibility, we used Western blotting to monitor the levels of Scc1 
and Clb2 in kip3Δ mad2-1 cells released from G1 arrest into HU containing medium. 
During a normal cycle, Scc1 is cleaved just prior to anaphase (Ciosk et al., 1998), while 
Clb2 is degraded by ubiquitin-mediated proteolysis in late telophase (Schwab et al., 1997, 
Lim et al., 1998), and therefore should serve as good markers of anaphase entry. As 
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shown in Figure 13C, while Scc1 is cleaved and Clb2 degraded in an unperturbed cell 
cycle in kip3Δ mad2-1 cells, premature spindle elongation is not accompanied by Scc1 
cleavage or Clb2 degradation when these cells are treated with HU.  This suggests that 
premature spindle extension in kip3Δ mad2-1 cells is not due to untimely onset of 
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Figure 13. Role of anti-spindle elongation factors Kip3 and Mad2 in replication 
checkpoint. (A)  Wild-type (US1363), mec1-1 (US3138), mad2-1 (US312), kip3Δ 
(US3874), and kip3Δ mad2-1 (US3868) cells were synchronized in G1 phase and 
released into YEPD medium at 24oC containing 20mg/ml HU. Samples were collected at 
regular intervals for immunofluorescence and FACS. mad2-1 is labelled as mad2 in 
Figure 13. (B) Wild-type (US1363), mec1-1 (US3138) and kip3Δ mad2-1 (US3868) cells 
were released from G1 arrest into YEPD medium containing HU (20mg/ml) at 24oC. 
Samples were collected at indicated times, and 200 cells were plated on YEPD plates to 
determine the viability. The results are plotted in the graph (left). kip3Δ (US3874), mad2-
1 (US312) and kip3Δ mad2-1 (US3868) cells were spotted on YEPD plates with or 
without HU at indicated densities. Plates were photographed after 5 days. (C) kip3Δ 
mad2-1(US3978) cells carrying myc12-tagged Scc1 at its native locus were released at 
24oC into YEPD medium with or without HU. Scc1 cleavage and Clb2 levels were 
assayed by Western blotting. Spindle elongation was scored for both conditions and 
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3.8 Ectopic Expression of Effector Kinase Rad53 Causes Spindle Collapse: 
 
From the results presented thus far, it appears that the replication checkpoint effectors can 
significantly influence spindle dynamics. In an attempt to determine if the checkpoint 
effectors are capable modulating spindle dynamics outside of a checkpoint context, we 
transformed wild-type cells with Mec1 or Rad53 under the control of the GAL promoter, 
and screened for clones which show growth defects when placed on YEP + Raff + Gal 
plates. While Mec1 overexpression does not seem to cause deleterious effects, one Rad53 
overexpressing clone was unable to survive on Galactose medium due to the presence of 
6 copies of GAL-RAD53 as determined by Southern blotting. To investigate further, we 
constructed strains which express Rad53 from either 1 or 6 copies of the GAL-RAD53 
construct. 
These strains, along with a wild type control, were released from G1 arrest in YEP + Raff 
medium into YEP + Raff + Gal medium to induce Rad53 expression. Samples were 
collected at regular intervals and spindle dynamics were assessed by quantifying the 
percentage of cells with no spindles, short metaphase spindles, or anaphase spindles at 
each time-point. While 60% of wild type cells had long anaphase spindles by 140 
minutes, only 30% of the cells expressing 1 copy of GAL-RAD53 had elongated spindles 
(Figure 14A). Of the cells expressing 6 copies of GAL-RAD53, only 10% elongated their 
spindles even after 300 minutes, although these cells did experience a delay in 
completing S phase. Most cells arrested in G2/M with spindles that were abnormally 
small with large astral microtubules or showed a fragmented spindle structure (Figure 
14A).  Not surprisingly, levels of Cin8 and Stu2 are dramatically diminished in strains 
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with 6 copies of GAL-RAD53, as compared to wild-type (Figure 14B and appendix II, 
figure 2). This experiment lends further support to the hypothesis that replication 
checkpoint effectors directly controls spindle dynamics by modulating the levels of 
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 Figure 14. Ectopic expression of effector kinase Rad53 causes spindle collapse even 
without checkpoint activation. (A) Wild-type (US1363), wild-type with 1 or 6 copies of 
GAL-RAD53-HA2 (US3695 and US3442 respectively) were arrested in G1 phase using α-
factor in YEP + Raff medium at 24oC for 150 minutes, followed by a further 60 min in 
YEP + Raff + Gal while still arrested using α-factor. The cells were then released into 
YEP + Raff + Gal medium at 24oC, and samples were collected for immunofluorescence, 
FACS and Western blotting. Spindle lengths were counted and plotted as shown. Rad53-
HA2 expression levels are shown on the right. (B) Wild-type and wild-type with 6 copies 
of GAL-RAD53-HA2 strains with epitope tagged Cin8 or Stu2 (US4122, US4128, 
US4132 and US4131 respectively) were treated as in (A), and processed for Western 
blotting. (C) A model showing proposed regulatory interaction between various effectors 





























Spindle elongation and chromosome segregation are events typically associated with 
anaphase. It is not surprising, therefore, that spindle extension and segregation of haploid 
nuclei in replication checkpoint mutants experiencing stalled forks should be considered 
a result of premature onset of mitosis (Enoch and Nurse, 1990; Weinert et al., 1994; 
Osborn et al., 2002). This conclusion is especially appealing given the fact that S. pombe 
cells are known to regulate mitotic entry in response to fork stalling by inhibitory 
phosphorylation of tyrosine 15 of Cdc2 (Enoch and Nurse, 1990; Sheldrick and Carr, 
1993). However, mitosis is associated with several other events such as Cohesin 
cleavage, APC activation and high levels of Clb1 and Clb2. We find that these events are 
not a prerequisite for the premature spindle elongation seen in mec1-1 cells experiencing 
HU mediated arrest. Further findings showing the upregulation of microtubule associated 
proteins Cin8 and Stu2, spindle elongation either upon ectopic Cin8 expression or due to 
KIP3 deletion combined with mad2-1 mutation for HU arrested checkpoint-proficient 
cells, lead us to the conclusion that in budding yeast the replication checkpoint exerts 
direct control over spindle dynamics via microtubule associated proteins such Cin8 and 
Stu2, and possibly other modulators of spindle dynamics.  
   There is a curious feature to the premature segregation of largely un-replicated 
chromosomes in checkpoint deficient cells. Although most chromosomes in cells arrested 
in early S phase lack sister kinetochores, and hence bipolar attachment, why do 
chromosomes segregate roughly equally to mother and daughter (55% vs 45%) in mec1-1 
cells? It might be expected that, in the absence of bipolarity, all chromosomes should be 
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attached to the mother SPB (Spindle Pole Body) from early G1 phase, and should 
therefore segregate into the mother cell. The likely answer is that during G1, S and G2 
phases, kinetochore-microtubule attachment is highly dynamic, and is formed and broken 
repeatedly, so that some chromosomes become attached to the newly formed daughter 
SPB. This instability is brought about by the Ipl1-Sli15 complex (Tanaka et al., 2002). It 
is possible that when the connection between the microtubules emanating from one SPB 
is severed under the influence of Ipl1/Sli15, it captures a microtubule from the other SPB.  
Over time, some chromosomes get attached to one SPB while others get associated with 
the other SPB.  Therefore, when the spindle elongates, some chromosomes move to one 
pole while the others move to the other pole.  This notion is supported by the observation 
that the ipl1 mec1-1 double mutant, when treated with HU, elongates its spindle, but 
retains all its chromosomal mass in the mother (Bachant et al., 2005).  
It should be noted that budding yeast cell cycle varies somewhat compared to S. 
pombe or mammalian systems in that S. cerevisiae cells are able to form a short spindle 
when arrested in early S phase. In an unperturbed cell cycle too, formation of the spindle 
occurs in mid-late S phase in budding yeast as opposed to metaphase in other organisms 
(Liu et al., 2008). This may be because, unlike other organisms, Cdc28 Y19 
dephosphorylation, while essential, is not rate-limiting for the onset of mitosis. S. 
cerevisiae cells therefore have sufficient level of cyclin-Cdc28 activity in early S phase 
arrest to assemble a short spindle, but not enough to initiate mitosis. As long as the 
spindles do not elongate and do not prematurely segregate unreplicated chromosomes, 
spindle formation is not deleterious to the cell. 
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Another important factor is the monopolar attachment of most kinetochores (98% of 
Chromosome V, Figure 8C) to spindle pole bodies in early S phase. Monopolar 
attachment means that each chromosome is attached to only one SPB, with no means of 
exerting a force in the opposite direction. As a consequence, it is likely that even a small 
poleward force cannot be resisted, making the cell particularly vulnerable to precocious 
chromosome segregation. This vulnerability is demonstrated by the ability of ectopic 
Cin8 expression to force elongation of spindles when expressed early in S phase, but not 
when expressed in cells arrested in G2M (Figure 11). This contrast is most likely due to 
the fact that in G2M, each duplicated chromosome is encircled by the Cohesin complex, 
which provides resistance to poleward forces. Replicated centromeric sequences ensure 
bipolarity and enable the chromosomes to resist the poleward pull. Further illustrating the 
importance of bipolar attachment is the observation that mutation in kinetochore 
component such as Ask1 and Mif2 renders cells unable to maintain short spindles when 
treated with HU, and causes spindles to extend prematurely (Li et al., 2002; Bachant et 
al., 2005). Clarke et al. (2001) have shown that Separase inhibitor Securin (Pds1), 
becomes indispensable for cells experiencing HU-mediated arrest once they have 
replicated about two-thirds of their genomes; in its absence, cells prematurely elongate 
their spindles and divide incompletely replicated nuclei. The role of Pds1 in this context 
is to protect Cohesin Scc1 from Separase Esp1, thus preventing spindle elongation by 
providing resistance to the pole-ward forces. This finding provides further support to the 
hypothesis that bipolar attachment is an important means by which cells prevent 
premature extension of the mitotic spindle. A combination of the two factors, namely 
early formation of the spindle apparatus in budding yeast and monopolar attachment of 
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the unreplicated chromosomes to the SPBs, make S. cerevisiae particularly vulnerable to 
premature spindle elongation. This sensitivity underlines the salience of robust regulation 
of microtubule associated proteins like Cin8 and Stu2 by replication checkpoint. 
Regarding the establishment of bipolarity, an interesting suggestion was made by 
Bachant et al. (2005). They showed that, even in the absence of Cohesin-mediated 
bipolarity, an activated checkpoint is able to prevent premature spindle elongation in HU 
arrested cells. They contrast this Cohesin independence with a requirement for 
kinetochore proteins like Ask1 and Mif2 in maintaining short spindles in early S phase 
arrest with HU. They conclude from these two facts that while Cohesin is not required, 
kinetochore attachment is essential, implying that there exists a Cohesin independent 
means of establishing bipolar attachment. Furthermore, they show that placing an early-
firing origin of replication adjacent to a CEN sequence (using common CEN plasmids) is 
sufficient to significantly lower premature spindle elongation in checkpoint mutants, 
meaning that if it were possible to ensure the replication of a few CEN regions (and not 
the entire chromosome) in early S phase, these duplicated CEN regions would each attach 
to one SPB and provide the requisite bipolarity. In this arrangement, the replisomes on 
either side of the duplicated CEN regions will fulfill the function that Cohesin provides 
later in S phase. In conclusion, they suggest that a major function of the checkpoint is to 
stabilize the replication forks, allowing them to proceed to a sufficient distance to 
replicate a few CEN regions, thereby creating the right circumstances for bipolar 
attachment.   
    In the context of microtubule associated protein regulation, the role played by Mad2 is 
intriguing. Mad2 is well known to be a component of the spindle checkpoint pathway, 
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and inhibits APC activator Cdc20 when an unoccupied kinetochore or lack of tension in 
the spindle apparatus is detected (Wang and Burke, 1995; Pangilinan and Spencer, 1996). 
It has been shown that ectopic overexpression of Cdc20 forces the spindle to elongate in 
HU arrested checkpoint-proficient cells, independent of APC activity (Clarke et al., 
2003). This finding is similar to our result showing that Cin8 overexpression can cause 
spindle elongation in HU arrested cells.  The possibility arises that Cdc20 could be 
responsible for Cin8 upregulation. It may be that the Mad2-Cdc20 network, responsible 
for regulating anaphase, is also involved in the related regulatory role of controlling 
spindle dynamics. What is the signal responsible for Mad2 activation in early S phase? It 
is known that Mad2 is activated in response to the absence of tension in the spindle (Stern 
and Murray, 2001). This is precisely the situation encountered in the early S phase arrest 
resulting from an HU replication block, since the centromeres remain largely 
unduplicated. These facts make the Mad2-Cdc20 network an attractive candidate for 
further investigation in the context of replication checkpoint, although the APC seems to 
be irrelevant in the early S phase (Clarke et al., 2003). The APC independent role of 
Cdc20 is further illustrated by our finding that premature spindle extension in HU 
arrested mec1-1 cells is not inhibited by inactivation of the APC. It is noteworthy that 
Mad2/Spindle checkpoint has been implicated in the enforcement of cell cycle arrest 
mediated by replication checkpoint (Sugimoto et al., 2004) as well as DNA damage 
checkpoint-induced arrest in S.pombe (Kim and Burke, 2008). Figure 14C depicts a likely 
regulatory network which might be involved in restraining spindles upon checkpoint 
activation. 
   What is the likelihood that the findings presented here are applicable to other 
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organisms? Given the substantial conservation of the broad organization of the 
checkpoint networks across species as widely separated in evolution as budding yeast and 
mammals, it would not be surprising if the direct regulation of microtubule associated 
proteins by S phase checkpoints demonstrated here are also operative in other model 
systems. Further work would be necessary to clarify this issue.   
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Chapter 4 Regulation of Spindle Dynamics by DNA Damage Checkpoint 
(The experiments presented in this chapter were conducted in close collaboration with my 




Cells experiencing localized and discrete DNA damage such as a double stranded break 
go on to replicate the genome and arrest in G2M with 2N DNA content (Abraham et al., 
2001; Nyberg et al., 2002). This transient arrest is mediated by the DNA damage 
checkpoint, the second major DNA-integrity based surveillance network after the 
replication checkpoint. The DNA damage checkpoint also induces transcription of repair 
and recovery proteins (Fu et al., 2008; Harrison and Haber, 2006). As in replication 
checkpoint, ATM/ATR kinases are also the upstream effectors of DNA damage 
checkpoint (Mec1 and Tel1 in budding yeast, Rad3 in fission yeast) (Weinert et al., 
1994). Downstream functions are mediated by effector kinases Chk1 and Chk2, (Chk1 
and Rad53 in budding yeast, Chk1 and Cds1 in fission yeast) (Sanchez et al., 1999; 
Nyberg et al., 2002). 
In mammalian cells and the fission yeast Schizosaccharomyces pombe (S. pombe), 
cell cycle arrest in response to DNA damage checkpoint activation is brought about by 
the checkpoint dependent inhibitory phosphorylation of Cdc2 (Cdk1) at Y15 (Jin et al., 
1996; Rhind et al., 1997; Abraham et al., 2001). When this residue is substituted to 
phenylalanine, which mimics an unphosphorylated tyrosine (and therefore renders Cdc2 
constitutively active), the cell is unable to remain arrested despite DNA damage and 
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prematurely enters mitosis. In budding yeast Saccharomyces cerevisiae, on the other 
hand, Cdc28 (S. cerevisiae Cdc2 equivalent) inhibition is not a rate limiting step, in that 
substitution of the tyrosine 19 residue (equivalent to Y15 in Cdc2) to phenylalanine (F19) 
does not abrogate checkpoint mediated cell cycle arrest (Amon et al., 1992; Sorger and 
Murray, 1992). 
Instead, budding yeast DNA damage checkpoint directly inhibits anaphase by 
preventing Cohesin Scc1 cleavage. Activated sensor kinase Mec1 phosphorylates and 
activates Chk1, which in turn phosphorylates Securin Pds1 and renders it immune to 
APCCdc20-mediated ubiquitination and degradation (Sanchez et al., 1999; Gardner et al., 
1999).  Pds1 is the chaperone as well as an inhibitor of Esp1 (Separase), a protease 
responsible for cleavage of Cohesin sub-unit Scc1, and its stabilization protects sister 
chromatid cohesion (Ciosk et al., 1998; Uhlmann et al., 2000). It has also been shown 
that PKA (Protein Kinase A) also plays a role in DNA damage-mediated retention of 
Cohesin (Searle et al., 2004). Thus, the DNA damage checkpoint in S. cerevisiae prevents 
the metaphase to anaphase transition, predominantly by inhibiting Cohesin cleavage until 
the DNA lesions are repaired. In addition, the Mec1-Rad53 branch prevents initiation of 
mitotic exit by Rad53 mediated phosphorylation and inhibition of Cdc5, a crucial 
activator of the Mitotic   Exit Network (MEN) (Sanchez et al., 1999). Rad53 also 
activates the Bub2-Bfa1 complex, an inhibitor of the MEN activator Tem1 GTPase (Hu 
et al., 2001; Liang and Wang, 2007). The Chk1 mediated inhibition of Esp1 may also 
participate in prevention of premature mitotic exit, given the proposed role of Esp1 in 
initiating the FEAR pathway, a pre-requisite to MEN activation (Lu and Cross, 2009).  
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In the previous chapter it has been shown that replication checkpoint directly restrains 
spindle elongation (Krishnan et al., 2004). It is an intriguing question as to whether the 
DNA damage checkpoint is also able to directly regulate spindle elongation.  The 
replication and DNA damage checkpoints share the important sensor and effector kinases 
Mec1 and Rad53, and both pathways must prevent premature chromosome segregation. It 
also makes evolutionary sense to co-opt the same pathways in the two similar contexts. 





4.2 Artificial removal of Cohesin does not Lead to Complete Segregation of 
Damaged Chromosomes in DNA-damaged Cells: 
 
The currently accepted model of the DNA damage checkpoint network implies that 
prevention of Cohesin cleavage is the predominant mechanism by which the checkpoint 
prevents segregation of damaged chromosomes. This model would predict that forced 
removal of Cohesin should lead to prompt entry into anaphase. To test this, we adapted a 
system by which Cohesin Scc1 can be artificially cleaved (Uhlmann et al., 2000). Briefly, 
a TEV (Tobacco Etch Virus) protease site replaces one of the two Esp1-cleavable sites in 
Scc1, and the TEV-myc gene is placed in the same strain under the control of the 
inducible GAL1-10 promoter. Since one Esp1 site is still present in this recombinant 
Scc1, these cells are fully capable of undergoing a normal cell cycle.  At the same time, 
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Cohesin cleavage can be induced in these cells, when desired, by inducing TEV 
expression from the GAL promoter (i.e. addition of galactose to the medium). 
We introduced the TEV protease system in yeast strains carrying either cdc13-1 
(Cdc13 is part of a telomeric cap complex; cdc13-1 experiences telomeric DNA damage 
at the non-permissive temperature of 30oC) or the cdc23-1 strain which arrests in 
metaphase at a non-permissive temperature, but without activating the DNA damage 
checkpoint (Cdc23 is an essential component of the APC necessary for Scc1 cleavage). 
cdc13-1 and cdc23-1 cells carrying the TEV system were released from α-factor arrest 
into YEP + Raff medium at the non-permissive temperature of 32oC. Both strains 
proceeded to arrest in metaphase with 2N DNA and short spindles (Figure 15A). Cells 
were then transferred to YEP + Raff + Gal medium at 32oC to induce TEV protease 
expression and, in turn, to cause the cleavage of Cohesin Scc1 (tagged with the HA 
epitope). As expected, the cdc23-1 strain rapidly undergoes anaphase, accompanied by 
spindle elongation and nuclear division. In contrast, the cdc13-1 strain shows only a 
modest increase in spindle length (similar to anaphase A), implying that additional 
regulatory branch (s) may be at work in a DNA damaged cell which restrain spindle 
extension. To ensure that anaphase A had indeed occurred in cdc13-1 cells, we 
introduced a tagging-system by which either the CEN V region (centromeric region of 
chromosome V) or a chromosome-arm locus (URA3) can be visualized with TetR-GFP. 
TetO DNA sequences are placed either 1.4 kb from CENV or close to the URA3 gene 
(35kb from CENV), which are then bound by the sequence-specific DNA binding protein 
TetR fused to GFP (TetR-GFP) (Michaelis et al., 1997). As shown in Figure 15B, both 
markers were much closer in the cdc13-1 strain as compared to the cdc23-1 strain. Live 
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cell imaging was also conducted of 5 individual cells from these strains as well as CFP-
tagged Spc29 (a component of the Spindle Pole Body) strains to further verify these 
results. While cdc13-1 cells show a spindle length distrubution of less than 4 μm after 
TEV-induced Cohesin cleavage, the cdc23-1 cells undergoes Anaphase B, with spindle 
lengths distribution between 7-10 μm. The percentage of cells with elongated spindles is 
shown in Figure 15B. 
It may be argued that induction of the TEV system may lead to artifacts, possibly by 
cleaving unintended proteins. To address this issue, temperature sensitive scc1-73 allele 
was employed as an alternative method of dissolving chromosome cohesion. This allele 
loses the ability to maintain cohesion between sister-chromatids at 36oC and above. As a 
control, a GAL-PDS1 carrying strain was constructed. Overexpression of Pds1 from the 
GAL promoter causes metaphase arrest without DNA damage. cdc13-1 and GAL-PDS1 
strains carrying the scc1-73 allele were released from α-factor arrest at 24oC into YEP + 
Raff + Gal medium at 32oC. A GAL-PDS1 strain expressing normal Scc1 treated in an 
identical manner served as a control.  cdc13-1 and GAL-PDS1 cells arrested at a pre-
anaphase state with short spindles at 32oC since scc1-73 is fully functional at this 
temperature. Cells were then filtered and released into YEP + Raff + Gal medium at 36oC 
to inactivate scc1-73. Inactivation of scc1-73 causes rapid anaphase in the GAL-PDS1 
strain, but not in the cdc13-1 strain (Figure 16A). This experiment indicates that an 
additional branch of the DNA damage checkpoint may be responsible to restrain spindle 
elongation. 
To ensure that prevention of spindle extension by DNA damage checkpoint is not 
specific to the cdc13-1 cells, we used a strain which experiences a discrete and defined 
                                               Chapter 4 Regulation of Spindle Dynamics by DNA Damage Checkpoint
124
double-strand break by galactose-inducible HO endonuclease (Rudin and Haber, 1988). 
GAL-HO scc1-73 cells were arrested in a pre-anaphase state (short spindles and 
undivided nuclei) by inducing HO expression in YEP + Raff + Gal medium at 24oC. 
Subsequent inactivation of scc1-73 by raising the temperature to 36oC levels did not lead 
to the onset of anaphase; cells remained arrested with spindles and undivided nuclei 
(Figure 16B). Taken together, these results seem contrary to what would be expected 
from the currently accepted model of DNA damage checkpoint, implying that the current 
model may be incomplete. We conclude that the DNA damage checkpoint may perhaps 
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 Figure 15. Forced Cohesin cleavage in DNA-damaged cells fails to trigger anaphase B. 
(A)  cdc13-1 scc1Δ scc1-TEV268-HA GAL-NLS-myc9-TEV SPC29-CFP (referred to as 
cdc13-1 TEV for convenience, US5145) and cdc23-1 scc1Δ scc1-TEV268-HA GAL-NLS-
myc9-TEV SPC29-CFP (cdc23-1 TEV, US5134) were arrested in G1 by α–factor 
treatment and then released into YEP + Raff medium at 32oC for 3.5 hrs. TEV protease 
expression was induced by addition of galactose to one half of each culture while glucose 
was added to the other half. Samples were collected at 15 minute intervals and processed 
for CFP fluorescence, FACS and Western blotting. (B) cdc13-1 scc1Δ scc1-TEV268-HA 
GAL-NLS-myc9-TEV TetR-GFP TetOX112 CENV (cdc13-1 CENV TEV, US5674), 
cdc23-1 scc1Δ scc1-TEV268-HA GAL-NLS-myc9-TEV TetR-GFP TetOX112 CENV 
(cdc23-1 CENV TEV, US5675),  cdc13-1 scc1Δ scc1-TEV268-HA GAL-NLSmyc9-TEV 
TetR-GFP TetOX112-URA3 (cdc13-1 URA3 TEV, US5672) and cdc23-1 scc1Δ scc1-
TEV268-HA GAL-NLS-myc9-TEV TetRGFP TetOX112-URA3 (cdc23-1 URA3 TEV, 
US5673) were treated as described in (A). Samples were collected at regular intervals for 
GFP fluorescence microscopy, Tubulin immunofluorescence and Western blotting. Insets 
show a magnified view. The scale bar represents 5μm. Percentage of cells with elongated 
spindles are plotted in the right hand side graphs.(C) cdc13-1 TEV (US5145) and cdc23-1 
TEV (US5134) cells were treated as in (A). After the release into YEP+Raff+Gal at 32oC 
for 30 minutes, the cells were immobilized in agarose on glass slides and used for live 
cell imaging. The distance between two SPBs was measured at 2 minute-intervals using 
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Figure 16. Cohesin inactivation does not trigger anaphase B in cells arrested in G2M due 
to activation of DNA damage checkpoint.  (A) GAL-PDS1 scc1-73 (US4873), cdc13-1 
scc1-73 (US4875) and GAL-PDS1 (US3556) cells were released from G1 arrest into YEP 
+ Raff medium at 32oC for 3.5 hrs and subsequently shifted to 36oC for 2 hrs. Samples 
were collected at regular intervals and processed for immunofluorescence. Spindle 
lengths are presented as an average of 120 cells. The scale bar is 5μm. (B) Cycling GAL-
HO (US4877) and GAL-HO scc1-73 (US5264) cells grown in YEP + Raff medium were 
resuspended into YEP + Raff + Gal medium for 5 hrs at 24oC and then shifted a water-
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4.3 Negative Regulation of Microtubule Associated Proteins Cin8 and Kip1 by DNA 
Damage Checkpoint: 
 
We have shown earlier that the DNA replication checkpoint regulates spindle extension 
by controlling the levels of microtubule associated proteins (Krishnan et al., 2004). The 
DNA replication checkpoint and the DNA damage checkpoint share several regulatory 
proteins, such as sensor kinase Mec1 and effector kinase Rad53. Given this overlap, we 
wondered whether our findings in the DNA replication context were applicable to the 
DNA damage checkpoint also. To this end, we investigated the fate of BimC family 
kinesins Cin8 and Kip1, tagged with the HA epitope in the cdc13-1 strain, with a GAL-
PDS1 carrying strain as a control. Overexpression of the Securin Pds1 from the GAL1-10 
promoter blocks the cell cycle in metaphase, similar to cdc13-1, but without checkpoint 
activation. This experimental regime eliminates cell cycle stage-specific effects. Cells 
were released from G1 arrest in Raffinose containing medium into YEP + Raff + Gal 
medium at 32oC, samples were collected at regular intervals to monitor Kip1-HA3 and 
Cin8-HA3 levels. As shown in Figure 17A, both strains show a peak in the levels of 
Kip1-HA3 at 90 minutes. While the intensity of the Kip1-HA3 peak in GAL-PDS1 strains 
is much greater, Kip1-HA3 levels drop off rapidly in the cdc13-1 strain. Similarly, Cin8-
HA3 levels were low in the cdc13-1 strain and do not show a distinct peak. We conclude 
from this data that levels of plus-end motor proteins Cin8 and Kip1 are low in cells that 
have activated DNA damage checkpoint. To allay concerns arising from the use of 
different blots for the cdc13-1 and GAL-PDS1 strains, 90 minute samples from the 
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respective strains were run adjacent to each other (See appendix II, figure 3). The results 
are consistent with those presented in figure 17.  
To further confirm these results, we conducted pulse-chase assay experiments to 
determine the stability of Cin8 and Kip1 in cdc13-1 cells and cdc28-1N cells (which also 
arrest in metaphase at 37oC without DNA damage). Cells carrying Cin8-myc3 or Kip1-
myc3 under the control of the GAL1-10 promoter on a CEN plasmid were released from 
G1 phase arrest into YEP + Raff + Gal medium at 37oC for three hours. The metaphase-
arrested cells were then washed and released into YEPD medium at 37oC to shutoff 
GAL1-10 transcription and the fate of the pulse was monitored for two hours. Figure 17B 
shows that while both Cin8-myc3 and Kip1-myc3 pulses were quite stable in cdc28-1N, 
their stability in cdc13-1 was very low. This implies that the activation of DNA damage 
checkpoint causes destabilization of Cin8 and Kip1. Consistent with this conclusion, a 
checkpoint deficient cdc13-1 mec1-1 strain released from G1 arrest into YEPD medium 
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Figure 17. Checkpoint activation destabilizes plus-end kinesins Cin8 and Kip1. (A) 
cdc13-1 CIN8-HA3 (US4687), GAL-PDS1 CIN8-HA3 (US4837), cdc13-1 KIP1-HA3 
(US4678) and GAL-PDS1 KIP1-HA3 (US4824) cells were arrested in G1 phase using α-
factor and then released into YEP + Raff + Gal medium at 32oC. Samples were collected 
every 30 minutes and processed for Western blotting. The ratios of motor protein to 
G6PDH signals are plotted on the right hand side. (B) cdc13-1 GAL-CIN8-myc3 
(US5140), cdc28-1N GAL-CIN8-myc3 (US3947), cdc13-1 GAL-KIP1-myc3 (US5139) and 
cdc28-1N GAL-KIP1-myc3 (US3815) cells were released from α-factor-induced arrest 
into YEP + Raff + Gal medium at non-permissive temperature (36oC) for 3 hours. Cells 
were then filtered and released into YEPD medium containing 1mg/ml cycloheximide at 
36oC. Samples were collected every 10 minutes and processed for Western blotting. 
Normalized levels of Cin8 and Kip1 (against G6PDH) were determined using 
densitometry and are plotted on the right hand side. (C) cdc13-1 CIN8-HA3 (US4687) and 
mec1-1 cdc13-1 CIN8-HA3 (US5993) cultures were synchronized using α-factor and 
released into YEPD medium at 32oC. Samples were collected every 15 minutes and 
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4.4 Role of Cdh1 in Regulation of Spindle Extension: 
 
The results described above indicate that the inability of cdc13-1 cells to elongate their 
spindles upon removal of the Cohesin Scc1 may be due to DNA damage checkpoint-
dependent destabilization of motor proteins. A direct prediction of this hypothesis is that 
stabilization of Cin8 or Kip1, in conjunction with Scc1 removal in cdc13-1 would lead to 
extension of the spindle. To test this, we used a non-degradable version of Cin8 (obtained 
from the Hoyt Lab, see Hildebrandt and Hoyt, 2001) under the control of the GAL 
promoter (GAL-CIN8-nd) in the cdc13-1 TEV strain. cdc13-1 TEV with or without 
(GAL-CIN8-nd) cells were allowed to arrest in G2/M at 32oC in the absence of galactose, 
and then shifted to YEP + Raff + Gal medium at the same temperature, to induce the 
TEV protease as well as the expression of CIN8-nd. As expected, cdc13-1 TEV cells 
arrested with short spindles despite the removal of Cohesin Scc1; however, cells 
expressing non-degradable Cin8 were able to extend their spindles and undergo 
Anaphase (Figure 18A). This experiment, taken together with the results in the preceding 
section, suggests that the destabilization of plus-end motor proteins may be the 
mechanism by which DNA damage checkpoint prevents spindle extension. 
It has been shown previously that APCCdh1 is responsible for the ubiquitination and 
proteasome-mediated degradation of Cin8 and Kip1 (Hildebrandt and Hoyt, 2001; Crasta 
et al., 2006).We therefore considered the possibility that Cdh1 may be relevant to Cin8 
and Kip1 instability in the DNA damage context. If so, then deletion of CDH1 in cdc13-1 
TEV cells would be expected to lead to the same outcome as expression of non-
degradable Cin8 i.e. spindle elongation. To test this, we arrested cdc13-1 TEV cdh1Δ 
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strain in metaphase in YEP + Raff, followed by induction of TEV protease by adding 
galactose. cdc13-1 TEV cdh1Δ cells were indeed able to elongate their spindles and were 
able undergo anaphase B (Figure 18B). This result implicates the APCCdh1 complex as a 
likely regulator of motor protein levels during DNA damage checkpoint-induced arrest. 
If Cdh1 were indeed responsible for downregulation of motor proteins upon 
activation of the checkpoint, deletion of CDH1 should result in stabilization of Cin8 in 
cdc13-1 cells. We therefore released cdc13-1 CIN8-HA3 and cdc13-1 cdh1Δ CIN8-HA3 
from stationary phase arrest into YEPD medium at 32oC.  Stationary phase arrest was 
used in this case because Cdh1 deficient cells are resistant to G1 arrest in response to α-
factor treatment.  As shown in Figure 18C, Cdh1 deficiency clearly leads to increased 
Cin8 expression in cdc13-1 cells, suggesting that APCCdh1 is likely to be involved in the 
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Figure 18. Spindle extension can be induced by Cin8 stabilization or Cdh1 deletion in 
DNA damaged cells. (A) cdc13-1 scc1Δ scc1-TEV268-HA3 GAL-NLS-myc9-TEV 
(US4753) with or without a CEN plasmid carrying GAL-CIN8-nd (non-destructible Cin8; 
US4986) were arrested in G1 by α-factor treatment and then released into YEP + Raff 
medium at 32oC for 3.5 hours. After the cells arrested in G2M, galactose was added to 
induce Cin8-nd expression. Samples were collected at regular intervals and analyzed by 
immunofluorescence. Bar graphs show the percentages of cells with various spindle 
lengths(B) Cycling cdc13-1 scc1Δ-TEV268-HA3 GAL-NLS-myc9-TEV (US4753) and 
cdc13-1 cdh1Δ scc1Δ scc1-TEV268-HA3 GAL-NLS-myc9-TEV (US4955) cells were 
grown in YEP + Raff medium for 3.5 hrs at 32oC. Subsequently the cells were released 
into YEP + Raff + Gal medium at 32oC. Samples were collected for Western blotting and 
immunofluorescence. (C) Wild-type cells carrying CIN8-HA3 (US4122) and cdc13-
1CIN8-HA3 (US 4687) were released from α-factor arrest into YEPD medium at 
32oC.Simultaneously, stationary phase cdc13-1 cdh1Δ CIN8-HA3 (US5007) cells were 
transferred  to YEPD medium at 32oC to induce G2/M arrest. Samples were collected at 
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4.5 Hypo-phosphorylation of Cdh1 in cells with Activated DNA Damage 
Checkpoint: 
 
It has recently been shown that Cdh1 is inhibited synergistically by Cdc28/Clb kinase and 
Cdc5 mediated phosphorylations (Crasta et al., 2008). Briefly, Cdc28/Clb kinase 
phosphorylates Cdh1 at S16, S42, T157 and T173 and thereby creates sites (polo-box 
binding domains) recognized by Cdc5 (Polo-Like kinase). This leads to Cdc5-induced 
phosphorylation of S125 and S259. Since DNA damage checkpoint brings about 
inhibitory phosphorylation of Cdc28 at Y19, as well as phosphorylation of Cdc5 (Cheng 
et al., 1998; Sanchez et al., 1999), we wondered if Cdh1 is in an active state (i.e. less 
phosphorylated) in DNA damaged cells, thereby destabilizing Cin8/Kip1 and restraining 
spindle extension. To determine the effect of checkpoint activation on the 
phopshorylation status of Cdh1, we tagged Cdh1 with the HA epitope in cdc13-1 and 
GAL-PDS1 strains. Both strains were released from G1 arrest into YEP + Raff + Gal 
medium at 32oC.  Cdh1 was immunoprecipitated from whole cell extracts and its 
phosphorylation status was determined by Western blotting. Cdh1 is phosphorylated 
(low-mobility bands) to a substantially lower extent in cdc13-1 cells as compared to 
control GAL-PDS1 cells (Figure 19A). Treatment of immunoprecipitated Cdh1 from both 
strains with Calf Intestinal Phosphatase (CIP) causes a disappearance of the low-mobility 
bands, confirming that these bands do indeed represent phosphorylated species of Cdh1.  
This implies that Cdh1 may be in a “quasi-active” state in cdc13-1 cells, enabling it to 
regulate spindle via destabilization of Cin8 and Kip1. 
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Given the importance of Cdc5 for Cdh1 phosphorylation (Crasta et al., 2008), we 
investigated the activity of Cdc5 in cdc13-1 and GAL-PDS1 cells. Cdc5 
immunoprecipitated from cdc13-1 cells was much less active (on casein as a substrate) as 
compared to that from control GAL-PDS1 or nocodazole arrested cells (Figure 19B). To 
determine whether lower Cdc5 activity is a consequence of Rad53-dependent 
phosphorylation as proposed in the literature (Sanchez et al., 1999), cdc13-1, GAL-PDS1 
and rad53-21 cdc13-1 cells carrying HA-tagged Cdc5 at its native locus were arrested in 
YEP + Raff + Gal medium at 32oC. Whole cell extracts from these strains were subjected 
to two-dimensional gel electrophoresis (owing to the minimal mobility shift displayed by 
phosphorylated Cdc5 using a one-dimensional electrophoresis procedure) followed by 
western blotting using HA antibodies. The results are shown in Figure 19C. Cdc5 is 
clearly most phosphorylated in cdc13-1 cells (hypo-phosphorylation and hyper-
phosphorylation are indicated by gray and black arrows, respectively). This 
phosphorylation disappears when the extracts are pre-treated with CIP. GAL-PDS1 and 
rad53-21 cdc13-1 cells show hypophosphorylated species, but lack the two right-hand 
most spots, indicating that hyper-phophorylation of Cdc5 is Rad53-dependent. Hyper-
phosphorylated spots are absent in cdc28-1N strain (which arrests in G2/M without DNA 
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Figure 19. Phosphorylation status of Cdh1 and Cdc5 upon DNA damage checkpoint 
activation. (A) cdc13-1 HA3-CDH1 (US5205) and GAL-PDS1 HA3-CDH1 (US5175) cells 
were synchronized in G1 phase and then released into YEP + Raff + Gal medium at 
32oC. Samples were collected at regular intervals and HA3-Cdh1 was 
immunoprecipitated followed by analysis by Western blotting. Densitometry was used to 
determine the ratio of phosphorylated to non-phosphorylated species. (B) cdc13-1 CDC5-
HA3 (US5260) and GAL-PDS1 CDC5-HA3 (US5262) cells were released from G1 
synchrony into YEP + Raff + Gal medium at 32oC. Cdc5-HA3 was immunoprecipitated 
using anti-HA antibodies and kinase assays were conducted using 20 μg casein as a 
substrate. Cdc5-HA3 from wild-type cells (US3259) arrested in nocodazole was used as a 
positive control while reactions without cell extracts were used as a negative control. The 
total amount of Cdc5-HA3 in these assays was estimated by Western blotting. 
Densitometry was used to quantify the extent of casein phosphorylation. (C) cdc13-1 
CDC5-HA3 (US5260), GAL-PDS1 CDC5-HA3 (US5262) and cdc13-1 rad53-21 CDC5-
HA3 (US5261) cells were released from G1 arrest into YEPD medium at 32oC. Samples 
were collected at 180 minutes; total cell extracts were prepared and subjected to 2-D gel 
electrophoresis followed by Western blotting with anti-HA antibodies. Hyper-  and hypo-
phosphorylated forms are indicated by black and gray arrows, respectively. 
Dephosphorylated Cdc5 obtained by CIP treatment is labeled with a ‘#’ sign. A form of 
Cdc5 which is not phosphorylated is indicated by ‘*’. In a similar experiment, cdc13-1 
CDC5-HA3 (US5260) and cdc28-1N CDC5-HA3 (US5676) were treated as above and 
analyzed by 2-D gel electrophoresis, followed by Western blotting using anti-HA 
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4.6 Effect of Ectopic Cdc5 Expression on Spindle Dynamics in cdc13-1 Cells: 
 
The results described in the preceding sections show that Cdh1 is in a quasi-active state 
in checkpoint activated cells, and that this correlates with hyperphosphorylation of Cdc5 
by Rad53. If inhibition of Cdc5 by Rad53-induced phosphorylation is responsible for 
keeping Cdh1 in partially active state, ectopic Cdc5 expression may be sufficient to 
reverse this activation and allow spindle elongation, similar to that seen in Cdh1 deficient 
cdc13-1 TEV cells. To test this possibility, cdc13-1 cdc14-3 cells with HA tagged Cdh1 
with or without GAL-myc3-CDC5 were released from G1 arrest into YEP + Raff + Gal 
medium at 32oC. Spindle length, Cdh1 phosphorylation and nuclear division were 
monitored. cdc14-3, a mitotic exit-defective allele was introduced in these strains so as to 
prevent exit from mitosis since Cdc5 overexpression is known to induce mitotic exit 
(Sanchez et al., 1999; Hu et al., 2001) which may make the interpretation of results 
difficult.  While cdc13-1 cdc14-3 cells remain in metaphase with short spindles (2-4 μm), 
undivided nuclei and weakly phosphorylated Cdh1, Cdc5 overexpression causes dramatic 
spindle elongation (70% cells have spindles greater than 7 μm in length), nuclear division 
and increased Cdh1 phosphorylation (Figure 20A). Expression of a kinase-dead version 
of Cdc5 (Crasta et al., 2008) does not elicit any of these phenotypes, suggesting that Cdc5 
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Figure 20. Overexpression of Cdc5 leads to premature spindle elongation in DNA 
damaged cells. (A) cdc13-1 cdc14-3 HA3-CDH1 (US5293) and cdc13-1 cdc14-3 HA3-
CDH1 GAL-myc3-CDC5 (US5303) cells were released from G1 arrest into YEP + Raff + 
Gal medium at 37oC. Samples were collected at 20 minute intervals for Tubulin 
immunofluorescence and Western blotting. Immunofluorescence results from the 180 
minute samples are shown along with the quantification of spindle lengths. The levels of 
Cdc5, G6PDH and Cdh1 phosphorylation are shown. Scale bar represents 5 μm. (B) 
cdc13-1 cdc14-3 HA3-CDH1 (US5293), cdc13-1 cdc14-3 HA3-CDH1 GAL-myc3-CDC5 
(US5303) and cdc13-1 cdc14-3 HA3-CDH1 GAL-myc3-CDC5KD (US5705) cells were 
treated as in (A). Immunofluorescence staining using anti-tubulin antibodies and Western 
blotting of immunoprecipitated Cdh1 are shown. IgG in the immunoprecipitation 
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4.7 Mutation of Cdc5 Phosphorylation Sites on Cdh1 Prevents Spindle Elongation in 
Checkpoint Deficient Cells: 
 
Our data so far leads to the conclusion that checkpoint-induced inhibition of Cdc5 and the 
well-documented inhibitory phosphorylation of Cdc28 (Sorger and Murray, 1992), 
prevents the synergistic inhibition of Cdh1 by these two kinases. Hence, Cdh1 remains in 
an active state and destabilizes Cin8 and Kip1, thereby preventing spindle elongation. 
One way to probe the Cdc5-Cdh1 branch of this proposed network is to mutate Cdc5 
consensus sites on Cdh1.  Such a mutant allele should mimic a constitutively activated 
form of Cdh1, and prevent spindle elongation in checkpoint-deficient cells. Cdh1 
contains two consensus sites for Cdc5-dependent phosphorylation (D/E-X-S/T-Φ-X-D/E, 
where Φ represents a hydrophobic residue), corresponding to S125 and S259 (Crasta et 
al., 2008). Substitution of these residues by alanine abrogates Cdc5 mediated 
phosphorylation of Cdh1. 
We placed CDH1 or CDH1 S125A S259A on a CEN plasmid under the control of 
GALL promoter, which permits inducible but moderate expression. These constructs were 
transformed into cdc13-1 mec1-1 cells, which undergo rapid spindle elongation when 
DNA damage is induced at non-permissive temperature (Figure 21A). Interestingly, 
expression of CDH1 S125A S259A, but not wild type CDH1, prevents spindle extension 
in cdc13-1 mec1-1 cells (Figure 21A), suggesting that Cdc5 is indeed responsible for 
inhibition of Cdh1 via phosphorylation at S125 and S259.  The results we have obtained 
so far also imply that RAD53 may play a prominent role in restraining spindle elongation 
in checkpoint deficient cells.  Does Rad53 influence spindle dynamics outside of 
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checkpoint context? To test this, we placed 6 copies of a GAL-RAD53-HA2 construct in 
cdc23-1 cells carrying the TEV system. Cells were released from G1 arrest into YEP-
Raff medium at 32oC. After most cells arrested in metaphase, they were washed and 
released into galactose medium to induce expression of TEV protease as well as Rad53-
HA2. Samples were collected at regular intervals to monitor the effect, if any, of Rad53 
overexpression on cdc23-1 TEV. A cdc23-1 TEV strain (not overexpressing Rad53) 
served as a control. As shown in Figure 21B, while nearly all cdc23-1 TEV cells entered 
anaphase and extended their spindles, overexpression of Rad53 significantly lowered the 
percentage of cells undergoing anaphase (about 60%).  These results suggest that Rad53 
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Figure 21. Effect of Cdc5-resistant Cdh1 expression on precocious spindle elongation in 
checkpoint deficient cells. (A) mec1-1 cdc13-1 (US3135), mec1-1 cdc13-1 GALL-CDH1 
(US5328) and mec1-1 cdc13-1 GALL-CDH1 S125A S259A (US5296) cells were released 
from G1 arrest into YEP + Raff + Gal medium at 32oC for 3 hours. Samples collected at 
regular intervals were analyzed by tubulin immunofluorescence and spindle length was 
quantified. (B) cdc23-1 scc1Δ scc1-TEV268-HA3 GAL-NLS-myc9-TEV (US4793) and 
cdc23-1 scc1Δ scc1-TEV268-HA3 GAL-NLS-myc9-TEV 6X GAL-RAD53-HA2 (US4975) 
(cdc23-1 TEV and cdc23-1 TEV 6X GAL-RAD53-HA respectively) cells were released 
from G1 arrest into YEP + Raff + Gal medium at 32oC. Tubulin immunofluorescence and 
Western blotting with anti-HA, anti-myc and anti-G6PDH antibodies were used to 
analyze samples collected at regular intervals. Scale bars represent a length of 5μm. 
Spindles longer than 7 μm are classified as long. (C) A model for DNA damage 
checkpoint activation based on above results. We propose that checkpoint mediated 
partial inactivation of Cdc5 and Cdc28 kinases result in a quasi-active Cdh1, which is 
then able to downregulate plus-end motor proteins like Cin8 and Kip1, thereby 

























It has long been accepted that the DNA damage checkpoint in budding yeast activates 
two branches to prevent cell cycle progression; the Chk1 branch phosphorylates Securin 
Pds1, preventing its degradation by APCCdc20 (Sanchez et al., 1999), while activated 
Rad53 and Dun1 activate the Bfa1-Bub2 complex (Hu et al., 2001; Liang and Wang, 
2007) (an inhibitor of the Tem1 GTPase, the initiator of the MEN pathway) and inhibit 
Cdc5 (Cheng et al., 1998; Sanchez et al., 1999), an important activator of the Mitotic Exit 
Network (MEN), thus forestalling premature mitotic exit. Other studies have 
demonstrated that the DNA damage checkpoint also maintains inhibition of APCCdc20 via 
PKA (Protein Kinase A) (Searle et al., 2004). It is assumed that the spindle at this stage is 
a “tension-ridden structure” wherein the pro-extension activity of motor proteins is held 
in check by Cohesin encirclement of sister chromatids (Kline-Smith and Walczak, 2004). 
A direct prediction of this model is that if the Cohesin complex is forcibly cleaved or 
dissociated from the sister chromatids, the metaphase spindle should immediately 
undergo anaphase B. In this chapter, we show that this is not the case, implying that the 
current model is incomplete and that there are additional pathways through which the 
DNA damage checkpoint controls spindle behavior. We further demonstrate that this 
regulation is initiated by Rad53 mediated phosphorylation and inhibition of Cdc5. Cdc5, 
along with mitotic kinase Cdc28 (also inhibited by checkpoint dependent phosphorylation 
on Y19), has been shown to synergistically inhibit the APC activator Cdh1 (Crasta et al., 
2008). The consequent maintenance of Cdh1 in an active form allows it to prevent 
accumulation of the plus-end motor proteins like Cin8 and Kip1, thereby restraining the 
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spindle from precocious extension (Hildebrandt and Hoyt, 2001; Crasta et al., 2006). This 
hypothesis is supported by our observations that Cdc5 overexpression, deletion of Cdh1 
as well as overexpression of Cin8, are able to induce spindle extension after the artificial 
removal of Cohesin subunit Scc1. The regulatory pathway we propose is schematically 
depicted in Figure 21C. 
It may be argued that spindle elongation upon Cdc5 overexpression (Figure 20) is a 
consequence of Cdc5’s known role in phosphorylating chromatin-bound Scc1 and 
promoting its dissociation from sister chromatids (Hornig and Uhlmann, 2004). While it 
is a likely possibility, we have shown earlier that mere removal of sister chromatid 
cohesion is insufficient to bring about spindle elongation (Figures 15 and 16).  This 
strongly suggests that Cdc5 overexpression may specifically promote spindle elongation. 
Furthermore, hyperphosphorylation of Cdh1 by overexpressed Cdc5 (Figure 20) and 
prevention of spindle elongation in mec1-1 cdc13-1 by Cdc5-resistant Cdh1 but not wild-
type Cdh1 (Figure 21) suggest that Cdc5 promotes spindle elongation by inhibiting Cdh1. 
It must be noted that overexpression of fully active Cdh1 prevents spindle formation. 
Likewise, complete inhibition of Cdc28 kinase activity by replacement of Y19 with 
glutamic acid results in the inability to assemble a spindle (Lim et al., 1996). However, 
cells with an activated DNA damage checkpoint clearly form a short metaphase spindle. 
It is therefore likely that Cdh1 activity is not fully restored by the DNA damage 
checkpoint. This also means that the inhibition of Cdc5 and Cdc28 by the checkpoint is 
most likely only partial i.e. enough to prevent spindle elongation, but not to prevent 
spindle formation. This is supported by our finding that low levels of Cin8 persist in 
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cdc13-1 cells (Figure 17).  We therefore consider Cdh1 to be in a “quasi-active” state in 
the DNA damaged cells.  
Budding yeast is unique among common model systems in forming a spindle during 
the late S/G2 phase. The question then arises as to how relevant our findings about 
spindle regulation by DNA damage checkpoint are for other eukaryotes like fission yeast 
and mammals, which arrest in G2 without a spindle. Complete inactivation of Cdc2 by 
Y15 phosphorylation in response to DNA damage in fission yeast, in contrast to partial 
inactivation in budding yeast, has been put forth as the reason for the absence of spindle 
in G2 in fission yeast (Krishnan and Surana, 2005). Presumably this also implies strong 
activation of Ste9, the fission yeast homolog Cdh1. In mammalian cells, some reports 
implicating Cdh1 in the enforcement of checkpoint arrest have emerged. Cdh1 was 
shown to be essential for maintenance of checkpoint induced G2 arrest in DT40 cells 
(Sudo et al., 2001). APCCdh1 was shown to be reactivated in cells exposed to genotoxic 
stress, leading to the degradation of Plk1, stabilization of Claspin (an activator of the 
DNA damage checkpoint) as well as Wee1, a kinase responsible for Cdk1 inhibition 
(Basserman et al., 2008). These reports suggest that Cdh1 may also play an important 
role in DNA damage checkpoint responses in other organisms. However, determining 
whether this role is in the same context that we have delineated in budding yeast requires 
further work. 
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In Chapter 3 we have uncovered evidence that the DNA replication checkpoint directly 
regulates spindle dynamics, and that premature spindle elongation in checkpoint mutants 
is due to loss of this regulation. In Chapter 4 we provided evidence that regulation of 
spindle dynamics is a feature also shared by the DNA damage checkpoint.  Furthermore a 
broad outline of the likely mechanism by which DNA damage checkpoint regulates 
spindle dynamics was proposed. Since DNA replication checkpoint and DNA damage 
checkpoint share many effectors, it is possible that the regulatory circuit utilized by 
damage checkpoint to regulate spindle dynamics also underpins spindle regulation by 
replication checkpoint.  Hence, in Chapter 5 we return to the DNA replication checkpoint 
to evaluate whether the mechanism involving checkpoint kinases, Cdc5, Cdc28, Cdh1 
and motor proteins Cin8 and Kip1 proposed in Chapter 4 is also at play in the context of 
DNA replication checkpoint. 
Given the substantial overlap between the DNA replication and damage checkpoint 
contexts, the common upstream kinases like Mec1 and Rad53 (Nyberg et al., 2002) and 
the shared need to prevent untimely spindle elongation, it is possible that the same 
mechanism might be operational in both situations. It is also likely that, from the 
perspective of the cellular program, these two checkpoints may not be distinct events, but 
may lie along a spectrum of adverse DNA lesions. Indeed, Clarke et al. (2001) have 
shown that as the DNA content of the cell approaches a 2N value, Pds1, typically 
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associated with the Chk1 branch of the DNA damage checkpoint, becomes indispensable 
for cells experiencing slowed DNA replication.  At the same time, there are clear 
differences between the cellular state during interrupted DNA replication (especially in 
early S phase) and DNA damage arrest in G2/M. The degree to which replication has 
been completed, mono- or bipolar attachment of sister chromatids to the spindle pole 
bodies and the presence or absence of Cohesins that tether sister chromatids together, 
vary greatly between early S phase and G2/M phases.  
It is therefore interesting to investigate the extent to which mechanisms involved in DNA 




5.2 Precocious Spindle Elongation in mec1-1 cells can be Prevented by Inhibition of 
CDC28 (Cdk1) activity: 
 
In Chapter 4, we have proposed that partial inactivation of Cdc28 and Cdc5 by the DNA 
damage checkpoint network enables Cdh1 to attain a “quasi-active” state, thereby 
enabling it to degrade plus-end motor proteins such as Cin8 and Kip1. It has also been 
shown that DNA replication checkpoint activation leads to inhibitory phosphorylation of 
Cdc28 on tyrosine 19 (See Figure 2B in Chapter 3; Sorger and Murray, 1992). This led us 
to ask if inhibition of Cdc28 in a checkpoint deficient mec1-1 mutant might restore the 
ability to prevent premature spindle elongation. We used the cdc28as1 allele (Bishop et 
al., 2000), which is sensitive ATP analog 1NM-PP1 for this purpose. The extent of the 
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inhibition can be controlled by varying the concentration of the drug 1NM-PP1 in the 
medium. We chose a concentration (500nM) that permits cell cycle progression (see 
budding index) through START and S phase but causes cells to arrest in G2/M i.e. at this 
concentration, 1NM-PP1 inhibits M-phase specific activity of Cdc28as1 (Crasta et al., 
2008). mec1-1 and mec1-1 cdc28as1 cells were released from G1 arrest into YEPD 
medium containing hydroxyurea (20 mg/ml) and  1NM-PP1 (500nM). As shown in 
Figure 22A, inhibition of Cdc28 kinase activity in the mec1-1 cdc28as1 mutant is able to 
dramatically reduce premature spindle elongation experienced by the mec1-1 checkpoint 
deficient allele. This result suggests that spindle elongation in checkpoint deficient cells 
requires Cdc28 activity.  
It is known that Cdc28 is phosphorylated on Y19 upon activation of replication 
checkpoint by HU treatment (see Figure 9B in Chapter 3).  To determine if 
phosphorylation of Cdc28 on Y19 is incompatible with spindle extension, we expressed 
cdc28Y19E and cdc28Y19F alleles under the control of GAL promoter in mec1-1 
cdc28as1 cells treated as above. cdc28Y19E resembles a constitutively phosphorylated 
tyrosine 19, whereas cdc28Y19F behaves like constitutively unphosphorylated Cdc28. As 
shown in Figure 22B, only cdc28Y19F is able to restore premature spindle elongation in 
mec1-1 cdc28as1 cells to a significant extent.  These observations imply that the 
checkpoint mediated inhibition of Cdc28 (by Y19 phosphorylation) plays a role in 
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Figure 22. Inhibition of Cdc28 kinase prevents premature spindle elongation in mec1-1 
cells. (A) mec1-1 (US3138) and mec1-1 cdc28as1 (US4029) cells were arrested in G1 
phase by α-factor treatment, and then released into YEPD medium containing HU 
(20mg/ml) and 1NM-PP1 (500nM). Samples were collected at 30 minute intervals and 
analyzed for budding index, DNA content (FACS) and the state of the spindle. (B) mec1-
1 cdc28as1 GAL-cdc28Y19F (US6281) and mec1-1 cdc28as1 GAL-cdc28Y19E (US6282) 
were grown overnight in YEP + Raff medium and then synchronized by α-factor 
treatment. Cells were then washed and released into YEP + Raff + Gal medium 
containing HU (20 mg/ml) and 1NM-PP1 (500nM). Samples were collected every 30 
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5.3 Levels of Microtubule-Associated Proteins are lower in mec1-1 cdc28as1 Cells:   
 
Is the ability of mec1-1 cdc28as1 cells to forestall precocious spindle elongation co-
related with decreased microtubule associated protein levels, as predicted by our model? 
To test this, we estimated the relative levels of the plus-end motor proteins Cin8 and Kip1 
in mec1-1 and mec1-1 cdc28as1, rad53-21 and rad53-21 cdc28as1 cells. Strains carrying 
epitope tagged Cin8 and Kip1 were released from G1 arrest into YEPD medium 
containing HU (20mg/ml) and 1NM-PP1 (500nM). Indeed, the inhibition of cdc28as1 
results in lowers levels of both microtubule-associated proteins (Figure 23A and 
appendix II, figure 4), in agreement with our hypothesis.  
 
To confirm that the effect of cdc28as1 on motor protein levels is indeed is due to 
1NM-PP1-mediated inhibition of Cdc28as1 activity, mec1-1 CIN8-HA3 and mec1-1 
cdc28as1 CIN8-HA3 cells were treated as above and released into YEPD medium 
containing HU but no 1NM-PP1. As shown in Figure 23B and appendix II figure 5, the 
two strains exhibit comparable Cin8 levels, unlike the dramatic difference seen in the 
presence of 1NM-PP1 (Figure 23A). We conclude that the effect on motor protein levels 









                                               Chapter 5 Mechanism of Spindle Regulation by Replication Checkpoint
157
Figure 23. Microtubule associated protein levels are diminished in mec1-1 cdc28as1 
cells. (A)  mec1-1 and mec1-1 cdc28as1 strains expressing HA3 epitope-tagged versions 
of Cin8 and  Kip1 (US4123, US4676, US6141 and US5896, respectively) were 
synchronized in G1 phase using α-factor and subsequently released into YEPD medium 
containing HU (20mg/ml) and  1NM-PP1 (500nM). Western blotting, densitometry and 
budding index data are presented. The same experiment was conducted for rad53-21 and 
rad53-21 cdc28as1 cells expressing HA3 tagged Cin8 and Kip1 (US4124, US4675, 
US6173 and US6174 respectively). (B) mec1-1 CIN8-HA3 (US4123) and mec1-1 
cdc28as1 CIN8-HA3 (US5896) were treated as in (A), except that they were released into 
YEPD medium containing HU (20mg/ml) but not 1NM-PP1. Protein levels as detected 
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5.4 Ectopic Inhibition of Cdc28 Destabilizes Cin8 and Kip1: 
 
The regulatory scheme we have developed in Chapter 4 proposes that an activated 
checkpoint partially inhibits Cdc5 and Cdc28, both themselves inhibitors of Cdh1, 
thereby allowing Cdh1 to degrade plus end motor proteins such as Cin8 and Kip1, and 
preventing premature spindle elongation. As shown in Figure 22, inhibition of Cdc28 
permits checkpoint-deficient cells to restrain spindle elongation and this is accompanied 
by decreased levels of spindle elongation factors Cin8 and  Kip1  (Figure 23A). To 
determine whether this is due to destabilization of these proteins, as our model predicts, 
we monitored the stability of a pulse of Cin8 or Kip1 in mec1-1 and mec1-1 cdc28as1 
cells. mec1-1 and mec1-1 cdc28as1 cells carrying GAL-CIN8-myc3 or GAL-KIP1-myc3 on 
a CEN plasmid were released from G1 arrest into YEP + Raff medium containing HU 
(20mg/ml) and  1NM-PP1 (500nM) for 3 hours. Galactose was added to the medium for 
60 minutes to induce expression of Cin8 or Kip1, after which the cells were washed and 
resuspended into YEPD medium containing 1NM-PP1 and HU to shut off the expression 
of GAL promoter. The Cin8 or Kip1 pulse was monitored for 2 hours by Western 
blotting. As shown in Figure 24, Cin8 and Kip1 are both destabilized in the mec1-1 
cdc28as1 strain as compared to the mec1-1 mutant. This result is consistent with the 
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Figure 24. Destabilization of Cin8 and Kip1 in checkpoint deficient cells with low Cdc28 
kinase activity. mec1-1 GAL-CIN8-myc3 (US5916) and mec1-1 cdc28as1 GAL-CIN8-
myc3 (US6142) were arrested in G1 phase using α-factor in YEP + Raff medium and then 
released for 180 minutes into YEP + Raff medium with HU (20mg/ml) and  1NM-PP1 
(500nM). Galactose was added to the medium to a final concentration of 2% to induce 
transcription from GAL promoter for 60 minutes. Cells were then washed and released 
into YEPD medium containing HU and 1NM-PP1 to shut down the GAL promoter. 
Samples were collected for western blotting every 15 minutes for a total of 2 hours. The 
same experimental procedure was followed for mec1-1 GAL-KIP1-myc3 (US6241) and 
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5.5 Cdh1 is Responsible for Cin8 and Kip1 Destabilization upon Activation of 
Replication Checkpoint: 
 
Is the instability of microtubule associated proteins (see Figure 24 above and Figure 10 in 
Chapter 3) in a replication checkpoint context dependent on APCCdh1? To test this 
possibility, we monitored the fate of Cin8 or Kip1 pulse in wild-type and cdh1Δ strains 
arrested in early S phase. Cycling cultures of both strains were transferred to YEP + Raff 
medium containing HU for 240 minutes. α-factor induced G1 synchrony was not used in 
this experiment due to the inability of cdh1Δ cells to arrest well in G1 phase. After cells 
were uniformly arrested with large buds, galactose was added to the medium for 60 
minutes to induce the Cin8/Kip1 pulse. Cells were then washed and resuspended into 
YEPD medium containing HU to shut off GAL transcription. As shown in Figure 25A, 
both Cin8 and Kip1 pulses are unstable in a checkpoint-proficient wild-type strain.  
However, this instability is not seen in cells deficient in Cdh1, implying that Cdh1 is 
most likely responsible for degradation of Cin8 and Kip1 upon checkpoint activation. 
Cdh1 is known to target microtubule associated proteins Cin8 and Kip1 during normal 
cell cycle (Hildebrandt and Hoyt, 2001; Crasta et al., 2006). This result is also consistent 
with our findings regarding the relationship between Cdh1 and motor proteins Cin8 and 
Kip1 presented in the context of DNA damage checkpoint (Chapter 4, Figure 18). 
It may be argued that, according to our model proposed in Chapter 4, deletion of 
CDH1 should abrogate the restriction of spindle elongation imposed by the checkpoint, 
and therefore cdh1Δ cells should prematurely elongate their spindles when arrested in 
HU. To test this prediction, we used cdc15-2 mutation to synchronize cells in telophase. 
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Cdc15 is an essential component of the mitotic exit network (Bardin et al., 2003); 
consequently cdc15-2 arrests in telophase at restrictive temperature. cdc15-2 and cdc15-2 
cdh1Δ cells were synchronized in telophase at 36oC  and then released into at 24oC in 
YEPD medium containing HU (20mg/ml). However, immunofluorescence results show 
that cdc15-2 cdh1Δ cells arrest with short metaphase spindles (Figure 25B). The possible 
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Figure 25. Cdh1 is responsible for destabilization of Cin8 and Kip1 in response to 
replication checkpoint activation. (A) Wild type cells carrying GAL-CIN8-myc3 (US3663) 
on a CEN plasmid as well as cdh1Δ cells carrying the same plasmid (US6200) grown in 
YEP + Raff medium overnight were diluted into YEP + Raff medium containing HU 
(20mg/ml) and allowed to arrest uniformly with large buds for 240 minutes. Galactose 
was then added to a final concentration of 2% to induce transcription from GAL promoter 
for 60 minutes, following which the cells were filtered and released into YEPD medium 
containing HU (20mg/ml). Samples were collected every 15 minutes for 2 hours. The 
same protocol was carried out for wild type cells and cdh1Δ cells carrying GAL-KIP1-
myc3 (US3812 and US6201 respectively). Western blotting and densitometry results are 
shown. (B) cdc15-2 and cdc15-2 cdh1Δ (US106 and US2076, respectively) were released 
into YEPD medium at 36oC for 180 minutes. After all cells had arrested in telophase, 
cells were washed and released into YEPD medium containing 20mg/ml HU at 24oC. 
Samples were collected at 30 minute intervals for 300 minutes. Immunofluorescence 
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5.6 Interaction of Cdc28 and Cdc5 Kinases with Cdh1: 
 
It has been shown previously that Cdh1 is a target of Cdc28 and Cdc5 kinases, and is 
inhibited by phosphorylation caused by their synergistic action (Crasta et al., 2008). In 
the preceding section we have shown that Cdh1 targets, Cin8 and Kip1, are unstable in 
cells with activated replication checkpoint, suggesting that Cdh1 may be activated in 
these cells.  If so, then Cdh1 would be expected to be in dephosphorylated state (active 
state) in checkpoint proficient wild-type cells as compared to checkpoint mutants mec1-1 
and rad53-21.  To test this notion, wild type, mec1-1 and rad53-21 cells carrying HA-
tagged Cdh1 at its native locus, were released from G1 arrest into YEPD medium 
containing HU (20mg/ml), and Cdh1 phosphorylation status was estimated by a mobility 
shift due to phosphorylation on a Western blot. Indeed, checkpoint mutants mec1-1 and 
rad53-21 show a greater degree of Cdh1 phosphorylation as compared to the wild-type 
strain at the 90 and 120 minute time points (Figure 26A). This data is consistent with the 
greater degree of checkpoint-dependent inactivation of Cdc28 due to the phosphorylation 
of Y19 in wild-type cells as compared to mec1-1 mutants (Figure 9B in Chapter 3).  
Conversely, inhibition of Cdc28 (by using the combination of cdc28as1 allele and 
1NM-PP1) completely abolished all phosphorylation of Cdh1 in checkpoint mutants 
mec1-1 and rad53-21 (Figure 26B), implicating Cdc28 as the main inhibitor of Cdh1.  
The regulatory pathway we have proposed (Chapter 4, Figure 21C) for restraining 
spindle elongation in the context of DNA damage checkpoint involves Cdh1, Cin8, Kip1, 
Cdk1 and Cdc5. In this chapter we have presented evidence for involvement of Cdh1, 
Cdk1, Cin8 and Kip1 in the regulation of spindle dynamics in the context of replication 
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checkpoint.  Is Cdc5 also involved in this scheme? To address this, we expressed Cdh1 or 
Cdh1 with its Cdc5 consensus sites S125 and S259 mutated to alanine (Crasta et al., 
2008) from the relatively-weak GALL (Mumberg et al., 1994) promoter in mec1-1 cells.  
This experiment is similar to that performed in Figure 21A in Chapter 4. Mutation in 
Cdc5-consensus sites should make Cdh1 resistant to Cdc5-mediated phosphorylation, 
mimicking inhibition of Cdc5 by an activated checkpoint, and restraining spindle 
elongation in checkpoint deficient mec1-1 cells. As shown in Figure 26C, while about 80 
percent of mec1-1 cells arrest with elongated spindles, only a quarter of cells expressing 
GALL-cdh1 S125A S259A extend their spindles. Expression of cdh1 S125A S259A 
therefore restricts spindle elongation in mec1-1 cells. Wild-type GALL-CDH1 also 
decreases spindle elongation, although to a lesser extent compared to cdh1 S125A S259A 
(41% and 26% respectively). This result indicates that Cdc5 kinase may be involved in 
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Figure 26. Functional interaction of Cdc28 kinase and Cdc5 kinase with Cdh1. (A) Wild-
type, mec1-1 and rad53-21 strains carrying HA3 epitope tagged CDH1 (US5206, US5920 
and US6244 respectively) were synchronized with α-factor and released into YEPD 
medium containing HU (20mg/ml) at 24oC. Samples were collected every 30 minutes for 
240 minutes. Western blotting and budding-index data are shown. (B) mec1-1 cdc28as1 
CDH1-HA3 (US6242) and rad53-21 cdc28as1 CDH1-HA3 (US6243) were synchronized 
in G1 phase and subsequently released into YEPD medium containing HU (20mg/ml) 
and 500nM 1NM-PP1. Samples were collected every 30 minutes. Western blotting and 
budding-index data are presented. (C) mec1-1, mec1-1 GAL-CDH1 and mec1-1 GALL-
cdh1 S125A S259A (US3138, US4087 and US6177) were grown overnight in YEP + Raff 
medium and synchronized in G1 using α-factor, and then released into YEP + Raff + Gal 
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5.7 Role of Cdc5 in the Replication Checkpoint: 
 
If Cdc5, together with Cdc28, is responsible for synergistic inhibition of Cdh1, it is 
likely, according to our model, to be a target of replication checkpoint-mediated 
inhibition. Indeed, Cdc5 has been shown to be a target of the DNA damage checkpoint 
(Cheng et al., 1998; Figure 19C in Chapter 4). We wondered whether Cdc5 is 
differentially phosphorylated in wild-type and checkpoint deficient rad3-21 cells 
experiencing HU mediated stalling of replication forks. Wild-type and rad53-21 cells 
were released from G1 arrest into YEPD medium at 24oC containing HU (20 mg/ml). 
Samples were collected at 240 minutes when all cells had arrested with large buds; whole 
cell lysates were prepared and subjected to two-dimensional gel electrophoresis. The 
results (Figure 27A) clearly show a substantially greater degree of phosphorylation in 
checkpoint proficient wild-type cells as compared to checkpoint deficient rad53-21 cells. 
This is in keeping with the observations reported by Cheng et al., (1998) and our own 
results presented in Chapter 4 (Figure 19C). Thus the replication checkpoint is 
responsible for Cdc5 phosphorylation, similar to that in the DNA damage checkpoint 
context.  
To further investigate the role of Cdc5 in the DNA replication checkpoint, we 
overexpressed Cdc5-myc3 from the GAL promoter. Cells arrested in G1 phase in YEP + 
Raff medium were shifted to YEP + Raff + Gal medium while still arrested in G1 phase 
to induce Cdc5-myc3 expression for 30 minutes and then released into YEP + Raff + Gal 
medium containing HU (20mg/ml). However, spindle elongation did not occur (Figure 
27B). This may simply be a consequence of the fact that the extent of Cdc5 expressed 
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from the GAL promoter is insufficient to overcome its checkpoint mediated inhibition. 
Conversely, it may be expected that deficiency of CDC5 in the mec1-1 mutant might 
prevent premature spindle elongation. To test this possibility, mec1-1 cdc5Δ GAL-CDC5 
cells were synchronized in G1 phase in YEP + Raff + Gal medium and shifted to YEPD 
medium while still arrested in G1 phase to shut-off CDC5 transcription and allow 
depletion of Cdc5 protein. Cells were then released into YEPD medium containing HU 
(20mg/ml). Contrary to our expectations, no effect was seen on the extent of spindle 
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Figure 27. Role of Cdc5 in replication checkpoint. (A) Wild-type and rad53-21 strains 
carrying CDC5-HA3 (US3259 and US5686) were released from G1 arrest into YEPD 
medium at 24oC containing HU (20mg/ml) for 4 hours. Cells were then collected by 
centrifugation, total cell lysate was prepared and subjected to two-dimensional gel 
electrophoresis as described in Chapter 2. Alignment of the two results was kindly done 
by Dr. Indrajit Sinha.  (B) Wild-type locus with or without GAL-CDC5-myc3 on a CEN 
plasmid (US4122 and US5688) was arrested in G1 phase using α-factor for 2 hours. 
Galactose was added for 45 minutes while the cells were still arrested in G1 to induce 
CDC5-HA3 transcription. Cells were subsequently washed and released into YEP + Raff 
+ Gal medium containing HU (20mg/ml) at 24oC. Immunofluorescence samples were 
collected every 30 minutes for 5 hours. (C) mec1-1 (US3138) and mec1-1 cdc5Δ GAL-
CDC5 (US6302) cells were grown overnight in YEP + Raff + Gal medium and then 
arrested in G1 phase in YEP + Raff + Gal medium for 2 hours. Cells were then washed 
and released into YEPD medium containing α-factor to shut-off GAL promoter 
transcription for 60 minutes. Cells were washed again and released into YEPD medium 
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5.8 Other Checkpoint Mediated Mechanisms for Restraining Premature Spindle 
Elongation: 
 
While the mechanism presented above plays an important role in preventing premature 
spindle elongation when S phase progression is inhibited, other mechanisms have been 
proposed to achieve the same end. Bachant et al., (2005) have proposed that the 
replication checkpoint stabilizes replication forks when subjected to HU mediated dNTP 
depletion and permits the replication of at least a few centromeric regions, thereby 
establishing bipolarity and providing a counter-force to spindle elongation factors like 
plus-end motor proteins. The absence of replication fork-stabilization activity in 
checkpoint mutants like mec1-1 prevents this mechanism from being deployed, and 
causes, along with deregulation of Cin8 and Kip1, premature spindle extension. 
We hypothesize that this parallel mechanism may be responsible for the inability of 
cdh1Δ cells to elongate spindles like mec1-1 mutants, when subjected to HU mediated S 
phase arrest (Figure 25C). To test this hypothesis, we exposed mec1-1 cells to HU at 
various times after release from G1 arrest. The rationale is to provide cells some time to 
replicate a few centromeric regions, but not to complete S phase entirely, so that cells still 
arrest in S phase with an unreplicated genome, but have a few replicated centromeres 
which allow the assembly of a bipolar spindle to resist the influence of deregulated motor 
proteins like Cin8 and Kip1. If the hypothesis suggested by Bachant et al., (2005) is 
valid, such cells should be able to prevent premature spindle elongation despite being 
checkpoint deficient. G1 arrested mec1-1 cells were split into 3 parts and released into 
YEPD medium at 24oC. HU was added to a final concentration of 20mg/ml either 
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immediately or 20 or 40 minutes after release from G1 arrest. As shown in figure 28, 
cells exposed to HU at 40 minutes after release from G1 still arrest in S phase, but are 
able to prevent precocious spindle extension, unlike cells exposed to HU immediately 
after release from G1. This data corroborates the hypothesis put forward by Bachant et 
al., (2005) and points to a complex and redundant checkpoint pathway to prevent 
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Figure 28. mec1-1 (US3138) cells were grown overnight in YEPD medium and 
synchronized in G1 phase using α-factor. The culture was then split into 3 parts, and 
released into YEPD medium. HU was added to a final concentration of 20mg/ml at 0, 20 
or 40 minutes after the release. Immunofluorescence and FACS samples were collected 







































In this chapter we explore the extent to which the model outlined in Chapter 4 (Figure 
21C) for the DNA damage checkpoint is operational in the DNA replication checkpoint 
context.  We have shown previously that Y19 in Cdc28 is phosphorylated in a replication 
checkpoint-dependent manner, thereby inhibiting Cdc28 activity (Figure 9B in Chapter 
3), as required by this model. We sought to replicate this inhibition by suppressing Cdc28 
activity by chemical means in a checkpoint defective mec1-1 strain, to determine whether 
this inhibition is sufficient to prevent premature spindle elongation when arrested in early 
S phase. Due to the complicated experimental procedure involved in handling the 
cdc28Y19E mutant (which mimics a constitutively phosphorylated tyrosine 19), we use a 
CDC28 allele, cdc28as1, (Bishop et al., 2000) which can be inhibited by an ATP analog, 
1NM-PP1. We choose a concentration of 1NM-PP1 which permits passage through S 
phase but not through G2/M. We find that reconstituting the replication checkpoint-
mediated inhibition of Cdc28 in this manner in a checkpoint deficient mec1-1 strain is 
sufficient to dramatically diminish the precocious spindle elongation which is a hallmark 
of checkpoint deficiency (Figure 22A and 22B). This result supports our model. 
A direct corollary of our model is that ectopic diminution of Cdc28 kinase activity in 
the mec1-1 mutant using the cdc28as1 allele should destabilize MAPs Cin8 and Kip1 . 
Supporting this prediction, we find that Cin8 and Kip1 levels are indeed lower in the 
mec1-1 cdc28as1 strain (Figure 23). The data presented in Figures 24 and 25A imply that 
lower levels of these proteins are a consequence of their destabilization by APCCdh1.  We 
also find that Cdh1 is phosphorylated to a significantly greater extent in checkpoint 
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mutants mec1-1 and rad53-21 as compared to wild-type cells (Figure 26A). This 
phosphorylation is dependent on Cdc28 kinase activity (Figure 26B). Collectively, these 
results are consistent with the model we propose.  
In contrast to the multiple lines of evidence corroborating the importance of Cdc28 
kinase activity in the replication checkpoint pathway, the role of Cdc5 is rather 
ambiguous. While mutation of Cdc5 consensus sites on Cdh1 does result in a somewhat 
more active Cdh1 (Figure 26C), and Cdc5 is clearly a target for checkpoint mediated 
phosphorylation (Figure 27A), neither the overexpression of Cdc5, nor its absence result 
in the phenotypes expected on the basis of similar experiments in the context of DNA 
damage checkpoint (Figure 27B and 27C). We conclude that the role of Cdc5 is less 
critical in a replication checkpoint setting as compared to the DNA damage checkpoint.  
It is possible that since Cdc28 kinase activity in the early S phase context of 
replication checkpoint is lower than that during the G2/M DNA damage checkpoint, it is 
sufficient to inhibit Cdc28 to restore Cdh1 to the “quasi-active” state required to degrade 
Cin8 and Kip1. Also, Cin8 and Kip1 levels reach their peak during G2/M, and are 
relatively low during early S phase. Cdh1 may therefore not need to be as active as in 
G2/M, making Cdc28 inhibition sufficient for the purpose of preventing accumulation of 
excessive plus end motor protein activity. Further investigation will be required to 
explain the divergence between early S and G2/M phase checkpoints. 
 
It might be expected that deletion of Cdh1 should suffice to bring about untimely 
spindle extension. That this is not the case (Figure 25C) suggests that additional 
mechanisms may be involved in preventing spindle extension before S phase is complete. 
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One such proposal has been made by Bachant et al., (2005). These authors have proposed 
that the replication checkpoint machinery enables the duplication of a few CEN regions, 
thus enabling the establishment of bipolar attachment. This bipolar attachment then 
provides a counter-balance to the plus-end motor protein (Cin8 and Kip1) mediated 
spindle elongation activity. Because checkpoint mutants are unable to stabilize their 
replication forks when exposed to HU, they are unable to replicate their CEN regions and 
are deprived of the counterbalancing activity of bipolar attachment.  It follows from this 
hypothesis that if mec1-1 cells were allowed to replicate a few CEN regions before being 
exposed to HU, spindle elongation might be prevented. We find that delayed addition of 
HU to mec1-1 cells does indeed enable these cells to arrest in S phase without elongating 
spindles (Figure 28).  
   The picture that emerges from the above data is that of a regulatory regime which 
participates in both replication checkpoint and DNA checkpoint controls but whose exact 
response is dependent upon the cell-cycle phase. When comparing the replication and 
DNA damage checkpoint controls, both similarities (shared sensor and effector kinases 
Mec1 and Rad53, inhibition of Cdc28, destabilization of Cin8 and Kip1), as well as 
differences (relative importance of Cdc5, stabilization of Cohesin subunit Scc1, 
replication of CEN regions to establish bipolarity) are evident. Thus, the checkpoint 
machinery may be conceived as a single entity comprised of a complex web of 
interactions, capable of sensing the cellular context and responding accordingly.  
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Chapter 6 Conclusions and Future Work 
 
6.1 Regulation of Spindle Dynamics by DNA Replication Checkpoint: 
 
A highly ordered execution of various cellular events leading up to cell division is a 
central feature of the division cycle. The mechanisms responsible for the maintenance of 
this order have been intensely investigated in the last two decades since coordinated 
progression through the cell cycle is essential for the stability of the genome.  The 
problem of coordination becomes particularly acute when cells are unable to execute, or 
erroneously execute, a major event since the initiation of the subsequent events will have 
to be delayed (or halted) to maintain the order. Wild-type cells experiencing genomic 
insults arrest their progression through the cell cycle and initiate repair processes.  
However, mutations in certain genes allow the damaged cells to continue their course 
through the cell cycle without permitting anytime for the repair processes to occur; 
consequently such cells show a rapid loss of viability. Investigations of these mutants 
lead Hartwell and Weinert (1989) to formulate the concept of ‘checkpoint control’.  In its 
simplest form, the central thesis of the ‘checkpoint control model’ is that cells have 
evolved a “feed-forward” system, which inhibit or delay initiation of future processes if a 
prior events is either not completed or executed erroneously.  
Checkpoint mutant cells exposed to adverse conditions such as nucleotide pool 
depletion owing to ribonucleotide reductase inhibition by hydroxyurea are known to 
elongate their spindles and divide their haploid nuclei (Figure 8A, Chapter 3). When 
considered in the light of checkpoint control (and its teleological implications), such a 
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behavior can be easily and satisfyingly interpreted as a result of premature entry mitosis.  
However checkpoint mutants extend their spindles much later than what would be 
expected for a normal mitosis and do not proceed to exit from mitosis (Figure 8A, 
Chapter 3) suggesting that cells may not in fact be initiating mitosis prematurely.  
We undertook a detailed investigation to determine whether crucial mitotic events 
accompany the premature chromosome segregation in mec1-1 mutants. As documented 
in Chapter 3, we find that chromosome segregation in HU-treated mec1-1 cells neither 
requires Cohesin cleavage nor APC activity or mitotic entry. Further investigations 
showed that the replication checkpoint directly influences spindle dynamics via 
regulating the microtubule associated proteins (MAPs) (Figures 10-12, Chapter 3). 
Conversely, deregulation of MAPs is sufficient to induce premature chromosomes 
segregation in checkpoint-proficient cells (Figure 11, Chapter 3).  These and other related 
observations suggest that precocious segregation of chromosomes in checkpoint-deficient 
cells is not because of premature entry into mitosis as generally believed but due to the 
deregulation of MAPs. Even though replication checkpoint is able to restrain 
chromosome segregation by down-regulating spindle dynamics as our results suggest, it 
is clear that checkpoint-deficient yeast cells arrested in early S phase with replication 
inhibitors do not initiate mitotic events such as Cohesin cleavage and APC activation. It 
is possible that additional surveillance mechanisms are in place to prevent onset of events 
typically associated with M phase. Indeed, replication inhibitor-treated ATR-deficient 
mammalian cells are able to prevent entry into mitosis (Brown and Baltimore, 2003) 
suggesting existence of additional mechanisms that inhibit onset of mitosis in response to 
stalled replication forks. Alternatively, the completion of S phase may be a physical 
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precondition for the onset of M phase, and no active monitoring is required to forestall 
mitosis. 
Budding yeast is unique in being able to form a short spindle in late S phase. This is 
in contrast to other organisms such as fission yeast and vertebrate cells which do not 
assemble a spindle until after the onset of mitosis (Liu et al., 2008). It may be argued that 
due to the presence of spindle during S phase arrest in the budding yeast, regulation of 
spindle dynamics is relevant only in this species. Indeed, the consensus view from work 
in other model organisms such as fission yeast and mammalian cells is that the DNA 
replication checkpoint arrests cell cycle progression by promoting the inhibitory 
phosphorylation of  Cdk1  (cdc2) on Tyr15   ( Sanchez et al., 1997;   Westphal, 1997; 
Enoch and Nurse, 1990). However, studies in other organism hint that spindle may be a 
target of S phase checkpoint effectors. In Drosophila, Chk2 kinase (a Rad53 ortholog) 
localizes to centrosome and elicits centrosome disruption in response to replication 
inhibition (Takada et al., 2003).  More recently, an ATM/ATR–dependent pathway has 
been reported that regulates spindle assembly by targeting centrosomal protein Cep63 
(Smith et al., 2009). Given the substantial degree of conservation between checkpoint 
pathways in different organisms, it is not unlikely that our findings in budding yeast may 
be applicable in other organisms, though the overt manifestation of such a control may be 
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6.2 Regulation of Spindle Dynamics by the DNA Damage Checkpoint: 
 
Since the central effectors effectors such as Mec1 and Rad53 are common to both 
replication checkpoint and DNA damage checkpoint, it seemed likely that spindle is 
targeted also by the DNA damage checkpoint controls.  It is known that DNA damage 
checkpoint inhibits segregation of damaged chromosomes by preventing cleavage of 
Cohesins.  Hence, any regulation that the damage checkpoint may impose on spindle 
extension may be obscured by the presence of Cohesin.    
To circumvent this problem, we adapted a system developed by Uhlmann et al. 
(2000) which enables the artificial removal of Cohesin. Strikingly, we find that 
dissolution of cohesion in DNA-damaged cells does not lead to complete segregation of 
chromosomes.  Instead, cells undergo anaphase A but fail to progress to anaphase B 
(Figures 15 and 16, Chapter 4), raising the possibility that the checkpoint perhaps 
restrains spindle elongation.  It has been shown that during normal cycle, synergistic 
inhibition of Cdh1 by the Cdc28 and Cdc5 kinases enables stabilization of APCCdh1 
targets Cin8 and Kip1, leading to spindle formation (Hildebrandt and Hoyt, 2001; Crasta 
et al., 2008). Cdc28 and Cdc5 are both well known targets of the DNA damage 
checkpoint (Sanchez et al., 1999). Given the multiple instances wherein evolution has 
brought about the adaptation of pre-existing mechanisms for diverse functions (such as 
the duplication of Clb genes and their subsequent specialization for cell cycle phases), we 
investigated whether this mechanism is operational in a checkpoint context as well. We 
find that this is indeed the case (Figures 18-21, Chapter 4). Inhibition of both Cdc28 and 
Cdc5 by the checkpoint precludes the inactivation of Cdh1 and thus maintains it in an 
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active form.  The active Cdh1 continues to destabilize its targets Cin8, Kip1 and Ase1 to 
prevent spindle elongation. Thus Cdc5 is targeted by the DNA damage checkpoint not 
just to prevent premature mitotic exit (as has been previously suggested), but also to 
prevent untimely anaphase B (Figure 20, Chapter 4).  Hence, our results strongly suggest 
that there are at least two pathways by which the DNA damage checkpoint may prevent 
precocious segregation of damaged: (i) the preservation of Cohesin Scc1 by the Chk1 
branch and (ii) the regulation of spindle dynamics by the Rad53 branch. This is not 
surprising since it makes sense from an evolutionary perspective to have more than one 
mechanism as a “failsafe” to ensure cell survival despite accidental inactivation of one of 
the control branches. Indeed, only 18% of the genes in the budding yeast genome are 
thought to be essential, at least in the laboratory environment (Giaever et al., 2002), many 
among the nonessential set constitute the redundant pathways which allow cells to adapt 
to adverse circumstances.  
 
6.3 A Unified View of DNA Replication and Damage Checkpoints: 
 
Uncovering the mechanism (involving Cdc28, Cdc5, Cdh1, and the MAPs) by which 
DNA damage checkpoint regulates spindle extension prompted us to ask if the same 
mechanism is employed by replication checkpoint to restrain spindle elongation.  As 
described in Chapter 5, while some elements of this mechanism are functional in 
replication checkpoint control, their participation is not as acute as it is in DNA damage 
checkpoint control. For instance, deficiency of Cdh1 in replication checkpoint proficient 
cells leads to accumulation of Cin8 and Kip1 but does not, by itself, cause dramatic 
                                                                                                       Chapter 6 Conclusions and Future Work
187
 
spindle elongation.  Similarly, Cdc5 polo kinase is phosphorylated in checkpoint 
proficient cells treated with HU, yet overexpression of Cdc5 in these cells does not lead 
to spindle extension. These differences may be due to the presence an additional 
mechanism proposed by Bachant et al (2005) that is thought help in restraining spindle 
extension.  As briefly alluded to earlier, the authors have proposed that cells is able to 
replicate some of the CEN regions in the presence of HU before replication comes to a 
halt due to nucleotide depletion.  It is conceivable that inter-catenation within the 
replicated region is able to provide a counter-balance to the tendency for spindle 
elongation.  As mentioned earlier, deficiency of Cdh1 leads to dramatic spindle 
elongation in DNA damaged cells once the Cohesins are removed (Figure 18B, Chapter 
4).  In the replication checkpoint context, the presence of catenated DNA can be 
considered equivalent to the presence of Cohesins in DNA damaged cells. While we 
forcibly removed Cohesins to reveal the effect of Cdh1 deficiency on spindle dynamics, 
DNA catenation cannot be forcibly removed in HU treated cells.  Hence, lack of spindle 
extension in HU treated Cdh1-deficient cells is likely due to the presence of DNA 
catenation which continue to resist spindle elongation. 
Results of our investigations into the replication checkpoint and DNA damage 
checkpoint controls allow us to synthesize a unified view of the mechanism underlying 
these two surveillance systems.   We suggest that fundamentally, the replication and 
DNA damage checkpoints are underpinned by the same basic mechanism.  In early S 
phase, chromosomes are restrained by inter-catenation of partially replicated CEN 
regions (the ones that are in close proximity to the early firing origins). This is enabled by 
the replication checkpoint which ensures the integrity of the replication forks, allowing 
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them to reach the CEN region before replication comes to a halt due to nucleotide 
depletion. The checkpoint also restrains spindle extension by down-regulation of MAPs 
via the Cdk1, Cdh1 and Cdc5 pathway.    In DNA damaged cells arrested in G2/M, the 
chromosomes are restrained by Cohesins and spindle is restrained by the control network 
involving Cdk1, Cdh1, Cdc5 and the MAPs. As cells proceed through S phase, Cohesins 
are loaded onto replicated DNA and become progressively more important in restraining 
chromosome segregation.  The control circuit (Cdk1, Cdc5, Cdh1, MAPs) that restrains 
spindle elongation continues to function, though the importance of its component may 
vary as cells near G2/M.  Thus replication checkpoint and DNA damage checkpoint can 
be considered as two manifestations of a basic underlying mechanism that ‘evolves’ with 
changing cellular states as cells progress from early S phase to G2/M. 
Of course much remains to be done to elucidate the details of this mechanism.   Included 
in these are the determination of the sites on Cdc5 which are phosphorylated by Rad53, 
the degree of Cdh1 dephosphorylation in response to varying degrees of DNA damage, as 
well as the extent to which Cdc28 is phosphorylated on tyrosine 19. Future investigations 
could focus on whether Cin8/Kip1 are transcriptionally regulated by replication 
checkpoint in addition to post-translational destabilization by “quasi-active” Cdh1. 
Likewise, clues have emerged about the involvement of the Mad2-Cdc20 axis in the 
regulation of spindle dynamics (Figure 13; Clarke et al., 2003; Sugimoto et al., 2004). 
Curiously, this seems to involve an APC independent activity of Cdc20 (Clarke et al., 
2003). It would also be interesting to determine the identity of the CEN regions whose 
replication is sufficient to abolish premature spindle elongation (Figure 28, Chapter 5).  
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It will also be illuminating to extrapolate our findings in budding yeast to other 
organisms. As in the case of DNA replication checkpoint, budding yeast is able to form a 
short spindle when arrested due to DNA damage checkpoint activation; other common 
model organisms like S. pombe and mammalian cells do not. This may mean that spindle 
regulation is a feature unique to the budding yeast DNA damage checkpoint. However, 
some interesting results have emerged on the importance of Cdh1 during DNA damage 
checkpoint activation in vertebrate cells (Sudo et al., 2001; Basserman et al., 2008). 
APCCdh1 has been found to be critical in the maintenance of DNA damage-induced arrest 
in DT40 cells.  In addition, exposure to genotoxic stress leads to reactivation of Cdh1 
which leads to the degradation of polo kinase and stabilization of Claspin, an activator of 
the DNA damage response (Basserman et al., 2008).  These results offer further reason to 
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Wild-type and mec1-1 cells with epitope tagged Cin8 at native chromosomal loci 
(US4122 and US4123 respectively) were released from G1 arrest at 24oC into YEPD 
medium containing HU (20 mg/ml).Wild-type and mec1-1 strains with epitope tagged 
Stu2 at its native locus were treated similarly (US4128 and US4129 respectively). 







Wild-type cells with epitope tagged Cin8 and Stu2 (US 4122 and 4128 respectively) 
and wild-type with 6 copies of GAL-RAD53-HA2 with epitope tagged Cin8 and Stu2 
(US 4132 and 4131 respectively) were arrested in G1 phase using α-factor in YEP + 
Raff medium at 24oC for 150 minutes, followed by a further 60 min in YEP + Raff + 
Gal while still arrested using α-factor. The cells were then released into YEP + Raff + 





GAL-PDS1 CIN8-HA3 (US4837), cdc13-1 CIN8-HA3 (US4687), GAL-PDS1 KIP1-
HA3 (US4824) and cdc13-1 KIP1-HA3 (US4678) cells were arrested in G1 phase 
using α-factor and then released into YEP + Raff + Gal medium at 32oC. Samples 




mec1-1 and mec1-1 cdc28as1 strains expressing HA3 epitope-tagged versions of Cin8 
and Kip1 (US4123, US4676, US6141 and US5896, respectively) as well as rad53-21 
and rad53-21 cdc28as1 cells expressing HA3 tagged Cin8 and Kip1 (US4124, 
US4675, US6173 and US6174 respectively) were synchronized in G1 phase using α-
factor and subsequently released into YEPD medium containing HU (20mg/ml) and 





mec1-1 CIN8-HA3 (US4123) and mec1-1 cdc28as1 CIN8-HA3 (US5896) were 
synchronized in G1 phase using α-factor and subsequently released into YEPD 
medium containing HU (20mg/ml) but not 1NM-PP1. Protein levels as detected by 
Western blotting are shown. 
 
 
